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Three New PocketCalculators:
Smaller,Less Costly,
More Powerful
HP's second-generationpocket calculatorfamily now
includes a basic scientificmodel, a programmable
scientificmodel, and a businessmodel.
by Randall B. Neff and Lynn Tillman

f N 1e72. HEWLETT-PACKARD INTRODUCED the
I' HP-35 pocket scientific calculator,l the first in a
family of calculators that eventually grew to include
six members, from the original HP-35 to the sophisticated fully programmable HP-65.2
Now there is a second generation of HP pocket calculators. Currently this new calculator family has
three members, designated HP-21, HP-22, and HP25. The HP-21 (Fig. r) is a basic scientific calculator
that replaces the HP-35 , the HP-22 (Fig. Z) is a business calculator, and the HP-25 (Fig. 3) is a programmable scientific calculator. State-of-the-art technology
has been applied in the new family to achieve the major design goal of low cost with no sacrifice in reliability or quality.
Most parts are common to all three calculators, the
fundamental differences occurring in the read-only
memory (ROM) that contains the preprogrammed
functions. In each calculator is an integrated circuit
that is a small, slow, but powerful microcomputer.
It executes microprograms that are stored in the
ROM. When the user presses a key, a microprogram
is activated to perform the function corresponding to
that key.
The ROM comes in blocks of 1.o24ten-bit words.
Each block adds factory cost, But until all of the ROM
has been allocated, features can be added, omitted, or
modified and functions can be made more or less
accurate without increasing factory cost at all. The
firmware designer's challenge is to make these nocost choices in some optimal way for each calculator.
HP-21Scientific
The HP-21, the first calculator in the new family,
was designed as a direct replacement for the HP-35.
Because the HP-21 was to have 33% more microprogram ROM than the HP-35, everyone involved in the
project wanted additional features and functions.

P r i n t e di n U . SA .

New features were packed in until all the ROM was
used. The HP-21has all the functions of the HP-35
plus controlled display formatting, polar to rectangular conversions, radian mode in trigonometric calcuIations, and storage arithmetic.
One major change in these HP-21 family calculators from the HP-35 family is a shorter twelve-digit
display. The HP-35 display had fifteen digits: two
signs, ten mantissa digits, two exponent digits, and a
decimal point. The new twelve-digit display was required because of the narrower plastic case of the
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lated with the:+ key. In combination, the arithmetic
and statistical functions allow calculation of such
things as exponential and logarithmic regression,
power curve fit, and trend lines with uneven periods,
a powerful set of computational tools for the financial
analyst and forecaster.
Greatly expanded storage is available to the user.
There are ten user-addressableregisters with storage
arithmetic similar to that of the HP-25. There are also
five financial storage registers-one associated with
each of the basic financial parameters (n, i, pMT,pv
and rv).* The basic functions defined by these five
top row financial keys are the same as those in the
HP-7O and HP-80.a
These registers combined with internal status indicators (one for each parameter) and an internal datainput counter form a flexible system for solving financial calculations. When the calculator is turned on,
the system might be thought of as looking like this:

tr
Fig. 1. HP-21Scientific
Calculator
new family.
In spite of the shorter display, there was still a requirement that the calculator have ten-digit precision. To meet this requirement, the decimal point
was moved so that it appears next to a digit. Also, a
decision was made to show a maximum of eight mantissa digits when an exponent is displayed, so two of
the display digits do double duty, sometimes as mantissa digits, and other times as exponent sign and
digit.
The HP-21 never gives a misleading zero answer.
When the user has specified fixed notation and the
non-zero answer of a function would be formatted as
a zero, the HP-21 changes to scientific notation for
that answer. When the HP-21-shows zero, it means the
answer is zero to ten digits.
HP-22Business
TheHP-22, the business member of the new calculator family, was intended to be an "HP-70-Plus".
Again, experience from programming the HP-70 and
many new microinstructions allowed the product to
grow functionally until it provided an array of mathematical, statistical, and storage capabilities in addition to the financial functions we had originally
hoped to add.
TheHP-22 is the first of our financial calculators to
include e' and tn functions on the keyboard. It is
also the first of our financial calculators to provide
linear regression and linear estimate. These functions, as well as arithmetic mean and standard deviation, are executed using data automatically accumu-
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FV Register

n Register

The financial functions require that the contents of
exactly three of the financial parameter registers be
specified as input data, that is, three status indicators
must be set and the data input count must equal
three.
When data is entered the associated status indicators are set and the data input counter is incremented. For example, if two items of data have been
entered (say n : 360 and PMT : 341.68) the system
might look like this:

Itr
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n Register
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i Register

PMT Register

PV Register

FV Register

Data Input Counter

If a status indicator is already set, entering data for
that parameter will simply overwrite the previous
register contents. For example, pressing n in the above
situation would cause the 360.00 to be overwritten
with whatever was in the display. The status indicator would remain set and the counter would remain
at 2. Once three status indicators are set, pressing a
financial key for which the status indicator is not
set will trigger an attempt to execute that function.
* n: numberof timeperiods;
valueor
amount;PV:present
i: interest
rateperperiod;PMT:payment
principal;
FV:futurevalue

Fig.2. HP-22 BuslnessCalculator

Say the system looks like this:
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Data Input Counter
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Pressing PV will cause calculation of PV in terms of
n, i and PMT while pressing FV will cause calculation of FV in terms of n, i and PMT,
When a function is executed and an answer is calculated, the answer is stored in its associatedregister
for possible later calculations. The status indicators
and counter remain unchanged because the input
parameters have not changed.
There is a reset function. which resets all five status indicators and resets the counter to zero. allowing a different combination of input parameters to
be specified. However, the data remains in the registers and can be recalled using the ncl prefix key.
Besides the new flexibility in the basic financial
functions some new functions have been added: %:
(percent of sum), ACC(accumulated interest), anl
(remaining balance), and the annuity switch
( B E G TtNr E N D ) .
A running total can be kept using the >+ key. The
%I function can then be used to find what percent of
that total any given number is.
Accumulated interest and remaining balance are
also new. fust enter the loan amount PV, the periodic
interest rate i, and the payment amount PMT. To find

the accumulated interest between two periods, say
from payment 13 through payment 24 enter the payment period numbers in storage registers 8 and 9 and
press r Acc. If you then press r BAL the HP-22
will calculate the remaining balance on the loan after
the payment indicated in register 9 is made (in this
case after payment 24).
Annuities are often referred to as being "ordinary
annuities" or "annuities due". These terms distinguish situations where periodic payments are made
at the beginning of the period (for example, rents or
leases are annuities due) from payments made at the
end of the month (a mortgage, for example, is an ordinary annuity). The HP-22 features the annuity
switch to make this distinction. Place the switch in
the aeclN position and any annuity calculations will
be made assuming that payments occur at the beginning of the payment period. Place the switch in the
eno position and annuity calculations will be made
assuming that payments occur at the end of the payment periods.
'Ihe
HP-22 uses the same general solution techniques for the financial functions as the HP-80.a Execution of the equations involves numerous internal subroutine calls to *, -, X, i, y*, and In (this is particularly true for the iterative solutions for i). This
means that the standard round-off errors in these
routines are compounded by the time the final solution is reached. To improve the final results given by
t}r,eHP-22, improvements were made to the standard
HP-21-family arithmetic subroutines. The y* algorithm was extended to handle negative numbers to
integer powers-for example (-2)2 or (-2)-2-and
a subroutine was developed to calculate the expression {1*y)*, which occurs frequently in financial
equations.
HP-25 Programmable Scientific
The HP-25 was originally conceived as an advanced scientific calculator. It was specified as having 2O48 microinstructions, twice as many as the
HP-21. Also, it was to contain a new integrated circuit, a sixteen-register data storage chip. Because
of improved microinstructions and experience
gained by microprogramming the HP-21, the HP-25
finally appeared not only as a scientific calculator
with many more functions than the HP-Z1, but more
importantly, with 49 steps of user programming.
The real power of the HP-25 is its easy programming. The programming is based on key phrases
rather than keystrokes. A key phrase is simply a sequence of keystrokes that together perform one function or operation. For example, both I stN and
sro + s are key phrases, but they contain two and
three keystrokes, respectively, The program memory
contains numbered locations for 49 key phrases. When

Flg. 3. HP-25 Programmable Scientific Calculator

the user writes a program, the calculator mergeskeystrokesinto key phrasesand storesthe instructions in
program memory.
Editing a program is particularly easy.In program
mode, the displav shows the step number and the
key phrasestoredthere (seepage 6). The key phraseis
displayed as the row-column coordinatesof the keystrokesthat make it up. The digit keys arerepresented
by a zero followed by the digit, and the other keys are
describedby a row digit followed by a column digit.
For example,the t key is in the first row of keys and
the fourth column, so its coordinate is 14. The key
phrasef SINappearsas 14 04, and STo+ 5 appearsas
23 51 05.
One innovative featureof the HP-25is the behavior
of the ssT (Single Step) key in run mode. This key
was designedto help the user debugprograms.It allows the user to executehis program one key phrase
at a time. When the SSTkey is held down, the display
shows the line number and the key phrase that is to
be executednext. Releasingthe SSTkey executesjust
that key phrase,and the numerical results appear in
the display. This new feature makes debugging programs quite easybecausethe user can tiptoe through
his programs, seeing both the key phrasesand their
results, one phrase at a time. The display when the
SSTkey is held down includes the step number, so
checking program flow and branching is easy.
The HP-25 contains a number of functions that
make programming simpler. In program mode, the
SSTkey and the BST(Back Step)key allow the user to
step forward and backward through the program mem-

ory. Eight comparisons allow the program to react
depending on the data in the calculation stack. Together with the cTo (Go To step number) operation,
programs can branch and loop based on numeric
results. A function that is new to pocket calculators is
PAUSE.When encountered in a program, the calculator stops for a second, displays the most recent result,
and then continues the program. This is useful when
programming iterative functions because one can
watch the function converge or diverge.
The HP-25 has line-number-based static programming. Key phrases go into numbered locations in memory, overwriting the previous contents. Branching
in the program is to the step number of a phrase. This
is in contrast to the HP-65 type of programming.3 In
the HP-65, keycodes shift around in the unnumbered
memory as steps are inserted and deleted, and
branching goes to label keycodes contained in the
memory.
The HP-25 merges keystrokes into key phrases using a microcoded finite state machine. The machine
carefully checks for undefined key sequences. When
a valid key phrase is completed, an eight-bit code is
fabricated. If the calculator is in run mode. the code
is immediately decoded and executed. In program
mode, the code is copied into the program memory
and then decoded to generate the row-column display. The data registers used for program storage are
56 bits long. Each register can contain seven key
phrase codes. Seven such registers comprise the program memory, so all together there are 49 key phrase
locations.
The HP-25 contains a data storage integrated circuit with sixteen registers of 56 bits each (14 BCD digits). Seven registers are for user programming, eight
are for user data, and one is used for the LAST x
function.
Another innovative feature of the HP-25 is a new
mode of formatting the displayed result, called engineering notation. This is a selectable format that
makes calculated answers easier to understand. Imagine a problem that deals in physical units of measure, such as seconds. Say the answer to the problem
-05. Now this is a
in scientific notation is 5.00
valid answer, but not as clear as it could be. Setting
the HP-25 into engineering notation gives the answer
-06 which is easy to read instantly as 50
as 50.0
microseconds. Engineering notation forces the
power-of-ten exponent to be a multiple of three and
adjusts the decimal point to give the correct answer.
If the above answer is multiplied by 10, it gives
-06 or 500 microseconds. Multiplying again
500.
-03 or five milliseconds.
by ten gives 5.00
Design Details
Several improvements in the instruction set of the

An Example of HP-25
Programming
A simpleecologicalmodel o1 interactingpopulationsconsists of rabbitswith an infinitefood supply and foxes that prey
on them. The systemcan be approximatedby a pair of nonlinear, first-orderdifferentialequations:
dr

-:2r

_

(changein rabbitswith time)

nfl

OI

foxes versus rabbits. Note that the calculationsgive ten-digit
floating-point
numbers,but the displayis alwaystruncatedto
an integer.
Example:
a: 0,01
h : 0.02
ro: 300
+ -

d f : -f
+ arI
dt

(changein foxeswith time)

where r is the number of rabbits,f is the numberof foxes,and
a is a positiveconstant to show how lrequently rabbits and
foxes meet. When a : 0 there are no encounters;the rabbits
keep breeding and the foxes starve. For a specific c, the
probabilityof encounteris proportionalto the product of the
numbers of foxes and rabbits. A reasonablechoice for c is
0 . 0 1,
is a simpleEuler
One way to solvethis problemnumerically
method, solvingequationsof the form:

itn

A plot of foxesversusrabbitsis a circularloop witha periodol
The rabbitminimumis 14,
aboutfivetime units(250iterations).
the maximumis 342 on thefirstloop.Thefox minimumis 54 and
the maximumis 478 on the first loop.
ro : 100, fo : 200 is a constantsolution.
HP-25 Program Form
r,,F
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Xn+j:Xn+h'f(xn)
usinga smallstepsizeh, whereh represents
a smallincrement
of time. The eouationsbecome:
t n + 1= r n + h ' ( 2 r n- a r n f n )
fn+r:fn+h.(-f+arnfn)
lv{,l'-:.{L
reriebles in

The featuresof the HP-25makeit ideallysuitedfor problems
of this type. The resultscan be plotted by hand on a graph of

llp stack
arc inc6pA2.
This lis+rn4
do6 nol '
hclude
varia&s tn
-lhe sleck
erc no lqtu
relcvanl.'

,,",,,,.tt".,
- ^.""
HP-25 Program Form
'r,,e

Pabits

vs rcxes

paqe

I

tn Ptqran
o(
Sllp 9r'E
4 ln4
rat'brk
5 ,lnpl lves
Z

I p r y r ^ L p p, * i n j
disry.g
fr gnca d@l
.
|oFrabbils lptes
'11**ilnnat

pbAas
to s*e 4

lgo

6

fr

lf-___l

ro
io

|rrtrt'rl

01

HP-21-family microprocessor made life much easier
for the microprogrammer. Three of the most useful
improvements were 72-bit subroutine addresses, the
digits-to-ROM-address instruction, and the data
register instructions,
In the HP-35 microprocessor, the microinstruction
address was only eight bits long. Each 250-word
ROM would turn itself on or off as ROM-select instructions dictated. There was only one level of subroutine
and the return address had only eight bits. The HP-21
microprocessor uses a twelve-bit address. A given
ROM responds only when it sees an address it contains. Subroutines can be located on different ROMs
and easily return to the correct next instruction. The
new processor can save two twelve-bit subroutine
return addresses.Two levels make it possible for one
subroutine to call another.
A new processor instruction takes two calculated
digits as the next microprogram address. This instruction is exactly like a computed co To instruction in some programming languages. This instruction made the HP-25 possible. It is used for both key
phrase execution and key phrase display. The eightbit key phrase code is broken down into groups of
phrases such as GTO codes, STO codes, t, and g
codes. Then the code is either used to generate a display (for the SSr key) or is executed (run mode).
The data storage chip used in the HP-35 family
required that a calculated address be sent from the
processor to activate one register. Then the register
could be written into or read from. When the HP-25
data storage chip was designed, this mode of operation was retained. because a calculated address is
needed for STO, RCL, and programming. However,
enough microinstructions were available to define
separate instructions to read or write in each register.
This simplified the HP-22 microprogramming by allowing any financial register to be accessed internalIy with a single microinstruction.
One change in the system design of the HP-2I
family was putting the display segment drive in the
ROM integrated circuit. Which segment to power is
determined by an accessory ROM composed of sixteen words of seven bits each. The words 0 to 9 are
used to generate the digits. One word, 15, is a blank.
Three of the remaining words generate the letters E,
r, and o, which the HP-21 family uses to spell "Error,"
telling the user that an operation is illegal. One remaining word generates the letter F. This is used by
the HP-25 to spell "OF" when a storage register overflows. Since the display generator is a tiny ROM on
the microcode ROM, it can be changed to create new
characters for new calculators.
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Insidethe New PocketCalculators
TheHP-21typeof calculatorisn'tjusta stripped-down
versionof olderHP pocket calculators,but an entirely
new design.
by Michael J. Cook, George M. Fichter, and Richard E. Whicker

tT, HE HP-?IAROSE FROM THE NEED to follow its
I predecessor, the HP-35, with a lower-priced
hand-held scientific calculator. The HP-35 was. in a
way, a tough act to follow. Its low-cost successor
couldn't be merely a stripped-down factory special,
for it isn't possible to change part of the HP-35 design
without destroying the integrity of the design.
Instead, the HP-21 required a totally fresh design
with an integrity of its oum, taking advantage of late
refinements of technology in the areas of displays,
integrated circuits, batteries, and assembly.
The HP-21, for the most part, uses the architecture
of the HP-35 but requires fewer integrated-circuit
packages to implement all the functions found in the
earlier chip set (see Fig. 1). Two reductions in package count were obtained by combining the anode
drivers with the ROM into one 18-pin plastic package
and by incorporating all the arithmetic, register, and
control circuits on a second chip in a 22-pin plastic
package. Clock driving circuits are contained on each
chip, thereby saving one more package.
Another improvement, both in cost and in appearance, is the use of a smaller, two-cell battery. The
nominal 2.s-volt supply must be converted to four
volts for operating the displays, resulting in some loss
of efficiency, but since the bipolar display cathode
driver now used does not require a converted voltage,
the loss is nearly made up.
Arithmetic, Control, and Timing Circuit (ACT)
This circuit combines the functions of the first
generation's arithmetic and register circuit, control
and timing circuit, and clock driver circuit and includes several new capabilities. AII of these circuits
could not simply be put together unchanged because
more pins would have been required than were on
the package. To reduce this number, several pins are
used for multiple functions. The cathode driver

scans the key rows, so the ACT circuit needs only
five lines to scan the key columns and one line to
synchronize the cathode driver, instead of the previous design's eight lines for the key rows and five
Iines for the key columns. One line is used to send
display data to the ROM and anode driver as well as
to send addresses and receive instructions. The
older design used ten lines for these functions.
The addressing structure has been changed to allow direct addressing of 4096 instructions. This
means that at the end of a subroutine, control can
pass back to the calling location from any location,
instead of from only 255 locations. An additional
level of subroutine nesting is included, so one subroutine can be called from within another. The number of status bits is increased to 16, and a four-bit
register has been added to remember the display format requested by the user.
The original HP-35 stack is retained, but there are
now two storage registers on the ACT circuit instead
of only one. This is not readily apparent to the HP-21
user unless he needs to use the full stack and do transcendental functions at the same time. In the HP-35
the highest entry of the stack was lost, whereas in the
HP-21 it is not lost. The stack registers are labeled
X (display), Y,Z, and T. The storage registers are M
and N. There are three working registers: A (: X),
B. and C.
The ACT circuit also performs hexadecimal (modulus 16) arithmetic in addition to decimal. This function is used in display formatting in the HP-21 and
HP-25, but may be of more interest to designers if the
ACT circuit is to be used in instruments.
Data Storage Chip
This optional chip is used in the HP-22 and HP-25.
To allow it to store programs, it was arranged that
keycodes could be sent either to the ROM or to the A

1 2 - D i g i tD i s p l a y

I
I
i Instructions/
iData

I
I
Arithmetic/Control/Timing

Battery
Sense

Fig.1, ThethreemembersoftheHP-21familydifferintheamountofrcad-onlymemoryanddata
storage they contain. Keys activate microprograms stored in the ROM, causing the arithmetic,
control, and timing circuit to perform the indicated function.

register on the ACT chip, and that the A register
could send previously storedkeycodesto the ROM.
The C registercommunicateswith the datastorageregisters,so by exchanging portions of the contents of
the A and C registers,keycodescould be sent to and
retrieved from the data storage registers. To aid in
editing programs(i.e.,sequencesof keycodes),a circular shift function was added to the A register.This
enablesthe data in the A register to be rotated without losing information.
The data storagechip is more versatilethan its predecessorin that direct register addressingis possible,that is, the instruction itself containsthe number
of the registerinto which data is to be stored,or from
which data will be retrieved. Previously a register
number had to be built up in the C register,and then
two instructions used, "C to data address" and either
"C to data" or "data to C." Theseindirect dataregister addressinginstructions are also still available.

ROM
The ROM consistsof Lo,zsobits of read-onlymemory, organizedas 1024 words of to bits each. Four
pagesof microinstructions can be storedon one chip,
and up to four chips can be addresseddirectly by the
ACT circuit.
12-bit addressesare received on the instruction/address (Is) Iine, Ieast significant bits first. The two
most significant bits enable one of four chips to output instructionsonto the Is line. Thus, up to 4096microinstructions may be programmed in a maximum
system.Unlike the HP-35 quad ROM, any 12-bit addresssentto the ROM chip will be recognized,regardless of previous addresses.
DisplayCircuit
During each so-bit word time, the ACT chip sends
information to the ROM/display chip for displaying
one digit. A characterROM in the display circuit con-

verts the input to seven-segment format and then
multiplexes through the segments sequentially,
With a 1z-digit display, the duty cycle for each segment is 1/96 or about 1%. This requires a peak current
of 30 mA to maintain an average current of eOO;rA.
This is a relatively high current for MOS and requires
devices well over 100 mils (0.25 cm) wide.
To allow the use of multiple ROMs without dupli-

cating the display function, a mask option can eliminate all power consumed in this portion of the chip.
Typically, ROM 0 contains the display function and all
other ROMs do not,
Five of the characters in the display ROM may be
reprogrammed to any seven-segment character.
Three of these characters generate E, r, and o to
spell Error.

Packaging the New Pocket
Calculators
by ThomasA. Hender
Objective:design a "shirt-pocket"calculatorpackage for
minimumfactorycost,withreliability
equalto or betterthanthat
of the HP-35family.HP qualitystandardsmustbe maintained.
Shirt-pocket
size was achievedby reducingthe numberof
keysf rom35 to 30 (onelesshorizontal
row)and by spacingthe
keysclosertogether.Spacingis the minimumdeemedcomfortable for the majorityof users.Also,the displaywas reduced
from 15 to 12 digits,and decimalpointsshare positionswith
theirdigits.
The HP-21usesonlytwo rechargeable
size AA Nl-Cadbatteriesinsteadof the threerequiredin the HP-35family.Thisfeaturesavesalmostthirtygramsof weight.Thetotalweightof the
HP-21is 165 grams.Apartfrom the obviousweightsavingaccompanyingits smaller size, the HP-2.1package contains
fewerparts:no backbonesupport,no key-spacinggrid and no
displaywindowweldingf rame.Structural
rigidityis designedinto the monocoqueor box shapeof the batterycompartmentin
the bottom case, and in the heat-stakedegg-crate configuration of the top case and keyswitchprintedcircuit assembly
(plasticpostson the top casefit throughholesin the keyswitch
printedcircuitassembly;heatisthenappliedto deformtheends
of the postsand rivetthe two partstogether).
Lower productioncosts of this packageare mainlydue to
minimalassemblytime,includingtesting.Onlytwo screWsfasten the HP-2'1
together-a reductionof ten fromthe HP-35.The
displayis an integralplug-inassembly.Modularconstruction
eases handlingand any necessarytouch-upoperations;for
instance,there are no electroniccomponentsor solderingon
the keyswitchprintedcircuitassembly.
The batterypackcasedoublesas partof the calculator's
bottom outsidesurface,eliminatinga separatebattery-retaining
panel.The batteryjumperspringprovidesthe forcethat holds
the pack in the calculator,so latchesare not needed.Battery
terminalsare automatically
assembledintothe logicboardduring fabrication.
This featureeliminatesthe manualwiringand
terminalfasteningrequiredin the previousgeneration'sdesign. The ac terminalpins are mountedsimilarly.Electrical
i n t e g r i t yi s p r o v i d e db y a f l o w - s o l d e r i n og p e r a t i o nw h i c h
connectsall electroniccomponentsto the logicboard.All keys
exceptthe blueprefixkey are moldedin two clusters,whichare
mechanically
separatedduringloadingintothe keyboardbezel. This reducesthe number of parts handledfrom thirtyto
three and minimizesassemblyoperatorerrors and fatigue.
That this innovationworks is largelybecauseof the creative
effortsof the plasticmold designersand craftsmenof the HP
Manufacturing
Division,
whosecontinuinghighstandardsof excellencecontributedmuch to the successof the HP-2.1
. The
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over-centerbreakawaytactile feel of our former calculator
keyshas beenretained,
and the moldeddesignof the key-strip
actuatingsurfaceson the undersidesof the keyseliminates
the
controlbumps neededon earliermodels.
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Cathode Driver
In designing the cathode driver circuit for the
HP-z1 calculator, the main objective was to have a circuit with extremely low power consumption, a prime
requirement for the HP-21 since only a two-cell battery pack is used. Functionally, the custom designed
bipolar driver chip consists of a 1,2-bft shift register,
twelve cathode drivers each with a current limiting
feature, low-battery detection circuit, input buffer,
and timing control gating. The f 2-bit shift register
turns on the twelve cathode drivers one at a time.
The LED digit display drive technique used in the
HP-21is different from that employed in the HP-35.
In both casesthe segment drivers (anode) and the digit drivers (cathode) are scanned one digit at a
time, one segment at a time, but the HP-21 does it by
switching dc voltages while the HP-35 uses an inductive charge-discharge method. When they are on, the
anode drivers of the HP-21, are dc sources for the individual LED segments, while the anode drivers for
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the LED segment. The HP-21 method requires significantly fewer components.
Acknowledgments
The authors would like to thank the following people for their contributions to this project: Bosco
Wong for the design of the cathode driver chip, Les
Moore for the assembly and debugging of the breadboard, Mark Linsky for the design of the power sup-

Michael J. Cook
MikeCook developedthe ACT
chip for the HP-21series.He
joinedHP in 1973with an extensive backgroundin the designof
N/OSLSIcircuits.Bornin Watford,
Hertfordshire,
England,Mike
earnedhis BScand MScdegrees
in electricalengineeringat the
in
University
of Southhampton
1963and 1966,then came to the
United Statesto work for an aircraft company as a systems
designer Laterhe joineda semiconductorcompany,designing
morethan50 MOSLSIcircuats
and
servingbriefly as MOSapplications
and marketingmanagerfor
thatcompanyin Germany.He speaksGermanand Frenchas
well as Englishand is a studentof comparativelinguistics.
Mike is married,has threedaughters,and livesin Cupertino,
His interestsincludeclassicalmusic,colorprinting,
California.
and sketchino.

Correction
T h e a r t i c l ee n t i t l e d" A c t i v eP r 0 b e sl m p r o v eP r e c i s i 0onf T i m e I n t e r v al l\ , l e a s u r e m e n t s '
(Hewlett-Packard
Journal,
0ctober1975)understated
theaccuracy
achieved
bythe[4odel1722A
intimeinterval
measurements.
0scilloscope
Theaccuracy
of thelvlodel
1722Afor maintimebase
settings
between
100ns/divand20 ms/divis specified
conseruatively
asa0.5% of measurement
r0.02% of full scalefor measurements
10.05"/.
lessthan1 cm, and10.5% of m€asurement
greater
of fullscalefor measurements
than1 cm.Typical
measurement
accuracies
arem0rethan
periodhasnot be€nspecified
threetimesbetterthanthis.Thetimebasecalibration
because
it
hasnotbe€na significant
contributor
t0 inaccuracy.
Experience
showsthatyearly
calibration
may
besulficient
for instruments
maintained
in a laboratory
environment.
Thetimebasetemperature
coefticient
is specified
as =0.03od'Candshorttermstability
is betterthan0.0'1%.
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A New MicrowaveLink Analyzerfor
CommunicationsSystemsCarryingup to
2700TelephoneChannels
Multiplexedcommunicationssystemscan operateat full
capacityonly when distortionsare at a low level. Thtsnew
instrumenthelps optimizethe performanceof widebandwidthsysfems.
by Svend Christensen and lan Matthews

ICROWAVE LINK ANALYZERS, by detecting
and displaying the transmission characteristics
of microwave communications systems, help find
the causes of distortion-distortion that unless corrected would degrade signal-to-noiseratio, reducing system capacity.
A new microwave link analyzer is designed to
test communications systems that use an intermediate frequency (IF) of 140 MHz. A growing number of
m i c r o w a v e l i n k s e m p l o y t h e 1 , 4 O - M H zI F w h i c h
allows transmission bandwidths enabling transm i s s i o n o f u p t o 2 T O O v o i c ec h a n n e l s s i m u l t a n e o u s l y .

The wide bandwidth, however, also makes a system
more vulnerable to those forms of distortion that affect the higher modulation frequencies. Consequently, the new microwave link analyzer IMLA) was
designed to include functions involving baseband
'1.2
test signals as high as
MHz.
As in earlier HP MLA's,1 the basic measurement
principle used in the new MLA, HP Model 3790A
(Fig. rJ, is to explore the passbandof a frequencymodulated system with a low-level, high-frequency
test signal superimposed on a high-level, lowfrequency sweep signal (Fig. Z). Applied to the sys-

Fig. 1. fhe new mtcrowavelrnk
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Fig. 2. The MLA measurement
principle. The composite signal
frequency-modulates the systern
under test. Level variations in
waveformB at the rate of C are
processedanddisplayedas a plot
of linearity or differential gain versus frequency. Phase variations
in B with respecf to A are processed and displayed as group delay
or differential phase.
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link. One is imperfect voltage-to-frequency and frequency-to-voltage conversion in the modulators and
demodulators. The other two are nonlinear phase response and non-flat amplitude response. Nonlinear
phase response incorrectly repositions the phasor
components of the FM signal and non-flat amplitude
response incorrectlyreproportions them, as discussed
on pages 18 through 20. Preservation of the amplitude
and phase ofeach phasor ensuresthe absenceofAM in a
pure FM signal. Any random upset of the critical
phasor lengths and directions generates AM simply
because the signal is no longer purely FM. If a signal
distorted in this manner were passedthrough a device
exhibiting AM-to-PM (amplitude modulation to
phase modulation) conversion, PM would be produced which would be detected along with the
wanted FM, degrading the signal-to-noise ratio.
Any of these distortions result in noise in telephone
channels and impairment of television pictures.

tem under test, the low-frequency signal sweeps the
high-frequency signal across the system's passband.
Non-linearities and other distortions arising in the
system affect the amplitude and phase of the highfrequency signal as it is swept. The disturbances in
amplitude and phase are detected and displayed
quantitatively at the receiving end of the system to
provide a measure of the communication system's
performance (Fig. 3).
The MLA makes several measurements to analvze
a system's characteristics. These are:
Linearity
Differential gain
Group delay
Differential phase
IF amplitude response.
It also measures gain, attenuation, power, and return loss, and it can provide a spectrum display for
measuring FM modulator and demodulator sensitivity by the carrier-null method.

AM-to-PM Conversion
There are many influences that degrade a broadband communications svstem. some of which are well
understood and readily-corrected. The significance of
AM-to-PM conversion, however, is not widely appreciated so it deserves special consideration.
To examine the effect of AM-to-PM conversion,
consider an FM signal in which AM has been generated. If the modified signal were applied to a device
whose phase response is sensitive to amplitudeTWT amplifiers and diode limiters are such devices-phase modulation would result from the
amplitude modulation.
Two possibilities now arise. (1) If the AM had been
generated by nonlinear phase response in a device,
the phase modulation caused by AM-to-PM conversion would be in phase with the signal phase modulation and would affect the FM deviation. AM variations would then generate differential gain, the difference in system gain measured at two different frequencies, (2) If the AM had been caused by non-flat
frequency response, the resulting phase modulation
would be in quadrature with the signal phase modulation. In this case, AM variations would give rise
to differential phase. These mechanisms are explained on pages 18 through 20.

Sources of Distortion
The disturbances in the received test signal result
from three basic sources of distortion in a microwave

Fig.3. Typical display provided by the Model 3792A IFIBB
Receiver, this one showing amplitude linearity (upper trace)
and group delay as functions of lF frequency. The pulseson
the upper trace are frequency markers.
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Fig.4. Simplifiedblock diagram of the microwaveltnk analyzerand a typical communications
system. The analyzer can also measure the performance of modems and the other componentsof a system.

block diagram of the MLA system and its application
to a microwave communications Iink is shown in
Fig. a.
The low-frequency sweep signal is a 70-Hz sine
wave originating in the IF/BB transmitter. To this is
added one of eight low-level, high-frequency baseband test signals from the BB transmitter plug-in.
This combined signal can be applied to the system
under test at the baseband level in place of the multiplexed telephone signal
Alternatively, the sweep and baseband signals can
be used to generate a I4O-MHz IF signal, swept up to
-r25MHz across the IF band by Ihe 7O-Hz sine wave
and modulated over a narrow band by the baseband
signal. This signal can be applied to the IF channel
of the transmission system.
At the receiving end, either the demodulated signal or the IF signal may be applied to the receiver. If
the IF signal is used, the sweep and baseband signals
are recovered by a precision demodulator within the
receiver.
Filters separate the high-frequency and low-frequency components of the baseband signal. The lowfrequency sine wave is used for the horizontal sweep
of the CRT display and the high-frequency baseband
signal is rectified to derive a dc voltage proportional
to the basebandsignal level. This is applied to the vertical deflection of the CRT.
If measurements are made between the IF-in and IFout ports of the transmission system, the CRT then

AM-to-PM conversion is not the only contributor to
differential gain. Nonlinear phase response generates AM with a corresponding decreasein signal PM,
as shown on page 18. Analysis shows that the differential gain caused this way is proportional to thefourth
power of the baseband frequency and so is much more
significant in a 270O-channelsystem than in an 1800channel system. When generated by nonlinear phase
accompanied by AM-to-PM conversion, or non-flat
amplitude response, differential gain is proportional
to the squore of the baseband frequency. For these
reasons, it was considered important for the new
MLA to have a test frequency at 12.39 MHz, the top
end of the 270O-channel baseband.
Besides degrading signal-to-noise ratio in telephone systems, differential gain and differential
phase have a pronounced effect on color TV transmissions. In the NTSC system used in North America, for
example, color saturation is determined by the level
of the color subcarrier, and hue is determined by the
phase. To preserve the integrity of the color saturation and hue, it is important to minimize differential
gain and phase occurring on the color subcarrier.
MLA Basics
The complete MLA system consists of two units
with plug-ins as follows: Model 3290A IF/BB Transmitter with Model 3791A BB Transmitter plug-in,
and Model 3292A IF/BB Receiver with Model 3793A
Differential Phase Detector plug-in. A simplified
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Levelling
Loop

115-165
MHz
Swept Output

Fig. 5. Block diagram of the transmitter. Low interaction between
the sweep and high-frequency
signalsat the IF level is achieved
by the use of two independent RF
oscillators.

displays IF differential gain or linearity. If measurements are made between BB-in and lF-out, it displays modulator linearity (allowing for IF response).
Between IF-in and BB-out, it displays demodulator
linearity. Between BB-in and BB-out, the display is
of overall system linearity, if one of the lower-frequency test tones is used, or differential gain if
one of the higher-frequency test tones is used.
The recovered high-frequency baseband signal is
also compared in phase to a stable local oscillator
that is phase-locked to the baseband signal average.
The result of the comparison, a dc voltage, is applied
to the CRT vertical deflection. The display then
shows group or envelope delay if one of the lowerfrequency baseband signals is used, or differential
phase if a higher-frequency signal is used.
Driving the transmitter's modulator with the
sweep signal alone enables measurements of IF amplitude response. Driving it with only a baseband
test tone allows measurements of gain, attenuation
and power.
The receiver is equipped with a meter that is used
with an attenuator to give readings of average signal
level, at either the IF or BB frequency. It is also used
for readings of return loss when the facilities for that
measurement are used (not shown in Fig. a).

disturbed by the high-level sweep signal during modulation. Low interaction is achieved by employing
separate modulators for the two signals and forming a
composite signal in a mixer.
The high-frequency test signal frequency modulates a 51O-MHz oscillator and the 7O-Hz sweep frequency modulates a 37O-MHz oscillator, as shown in
Fig. 5. The selection of oscillator frequencies was
based on a computer-generated list of possible
spurious mixer outputs, taking into account the receiver IF image frequency. Care was taken to prevent
coupling between the modulation circuits for the
two oscillators.
The two oscillator signals are applied to the mixer
and the resulting difference frequency is the 140MHz IF. Buffers between the oscillators and the mixer
minimize the possibility of interaction so the IF
modulation due to the high-frequency test tone is
unaffected by the low-frequency sweep.
Following the mixer are two thin-film amplifiers
having an amplitude flatness of o.r dB or better and
group delay of less than 0.1 ns over a 50-MHz band of
frequencies centered at 140 MHz. This performance is
necessary to minimize distortion of the composite
test signal. The first amplifier is located close to the
mixer, presenting a resistive impedance to the mixer
and a good match to the cable to the second amplifier.
The second amplifier is located near the front panel
so that the temperature-compensated levelling detector, which is on the amplifier substrate, can be
close to the output connector.

Technical Details
Bearing in mind the MLA measurement principle
(Fig. zJ, it is evident that the amplitude and phase of
the high-frequency baseband test signal must not be
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1-dB steps with an accuracy of -r1 dB on all ranges
(*o.s dg at the +10 dBm output level).

Fig. 6. Ihe amplituderesponseof the thinJilmamplifier
probeto removethebonds
r'sadTusted
by usinga hand-held
that interconnect
the armsof the thinJilminterdiqitalcapacitor(upper center).
As would be required by any broadband amplifier
that must have extremely flat amplitude response,
means must be provided to allow compensation for
production variances. This is accomplished by using
a thin-film interdigitated capacitor, pictured in Fig.
6 and shown as Cc in the diagram of Fig. 7. To adjust
amplitude response during production test of each
amplifier, a hand-held probe is used to remove bonds
to the digits one by one until the capacitance needed
for the best response is obtained.
A broadband attenuator following the amplifier
allows an output power range of +10 to -69 dBm in

Test Signal Generation
All the baseband test signals are derived from or
locked to a 10-MHz master oscillator. The lower frequencies (83.3, 250, and 500 kHz) are derived by
direct division of the master oscillator frequency.
T h e h i g h e r f r e q u e n c i e s( 2 . 4 , 4 . 4 3 , 5 . 6 , 8 . 2 ,a n d 1 2 . 3 9
MHz) are generated by an oscillator that has switchable crystals. This oscillator is phase-locked to the
master by dividing its output down to l kHz and applying it to a sampling phase detector driven by the
1O-MHz master oscillator. The resulting error signal
phase-locks the switchable oscillator.
For the low-frequency sweep, a sine wave that has
all harmonics >45 dB below the fundamental is
synthesized by a 1O-stageshift register. The input to
the shift register is controlled by a flip-flop that loads
the register with 1's when it is set, and loads it with
0's when it is reset. The outputs of all the shift-register stages are connected through weighting resistors
to a summing poirrt with the resistors chosen such
that half a sine wave, from the trough to the peak, appears at the summing point as the shift register is
loaded with 1's. When the first 1 appears at the output, the flip-flop is reset so 0's are then loaded, generating the other half of the sine wave. The first 0 appearing at the output then sets the flip-flop again for
the next cycle.
The resulting waveform has a stepped appearance
but the steps occur at the 1.4-kHz clock rate and are
easily removed by low-pass filtering, leaving a lowdistortion sine wave.
(text continuedon page 20.)

Fig. 7. Circuit diagram of the lF
amplifier output stage, Frequency
response is optimized by adjust
ing feedback capacitor C". The
finalstage hasa quiescentcurrent
of 45 mA giving +16 dBm output
inlo 75f| with second and third
harmonic levels of -48 dB and
-32 dB respectivelyat 165MHz.
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The Detection of AM-to-PM Conversion
by Means of High-Frequency Test Signals
There has been growing interestin recent years in distortionsthat can occur in widebandFM communications
systems
as a resultof AM generatedin a networkbeing convertedto
PM in a nonlineardevice that follows.The problem is, how to
detect these so-called"coupled responses."
involvingphasordiagramsand netThefollowingdrscussion,
work phase and gain curves,deals with some physicalmechanisms underlyingthe generationof differentialgain and
how it is affectedby AM{o-PM conversion.A practicalmethod
for detectingAM{o-PM conversionis presented,
Whena sweepingsignal,centeredfor exampleat 140 MHz
frequencymodulation(FM) at,
and carryingsmall-deviation
say,5.6 MHz is passedthroughan all-passnetworksuch as a
group delay equalizer,the resultingplot of
microwave-link
differentialgain will be in the form of a "W". The network
will have introducedAM and if in a device that followsAMto-PM conversionoccurs, the differentialgain "W" will be
asymmetrical.
The appearanceof asymmetryis the basis ol
this methodof detectingAM-to-PMconversion.
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the phasorlocusand a slightreductionin the maximumphase
deviation.
The phasor,stilloscillatingwith a fixed period of time determinedby the modulatingfrequency,now travelsa slightly
reduced angulardistance and thereforemoves with reduced
speed. Since phasorspeed is frequencydeviation,the peak
frequency deviation is reduced. Since a frequency discriminator,such as a microwavelink demodulator,responds
onlyto phasorspeed or frequencydeviation,the discriminator
gain as the
output is also reduced,giving rise to differential
carrierfrequency,rrr,is swept,
Notethatthe maximumlengthand the maximumangulardeviationof the resultantoccur at the same time. The AM is in
phasewiththesignalPM.lf AM{o-PMconversion
wereto occur,
with the PM in phase with the AM as it would be in a diode
limiter,the generatedPM would be in phase with the signal
PM and would thereforeaffect its value:that is. AM variations
would cause differentialgain in an FM system,This is accounted for by the fourthterm of equatron1, given later.

The Phasor Representatlon
Fig. 1 shows the phasor representationof a small-deviation
FM signal.Sinceit is necessaryto consideronly phasormovementswith respectto the carrier,rotationoi the whole diagram
counterclockwiseat the carrier frequency has been stopped
and only the back-and-forthoscrllationat the modulating
frequencyremains.The maximumangulardisplacement,d,
of the signalphasorabout its mean positionis the phase modulation index. The maximum angular speed of the phasor
determinesthe frequencydeviationJrom the unmodulated
carriervalue.For sinusoidalmodulation,maximumfrequency
deviationoccursat the centralposition.The locusof the tip of
the phasoris the arc of a circle.
In Fig.2, the firstorderlowersideband(LSB)is showngoing
backwards(clockwise)as time advances,while the upper
sideband (USB) moves forward or counterclockwise,
both rotating at the modulating frequency. The sum of the
c a r r i e r o h a s o r C a n d t h e t w o s i d e b a n d si s t h e r e s u l t a n t
R, also shown in Fig. 1. Howeverfor simplicity,the locus
ol the tip of the sweeping phasor R is now shown as a
straighthorizontalline.
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Nonlinear Phase
Fig. 3a and 3b introducethe effectof nonlinearphase.In
passingthrougha networkhavingthe phasecurveshown,the
sidebandsare phase-shiftedrelativeto the carrierby +8" and
-l Ct'respectively.A linearphase responsethat gives shiftsof
+ 1 0 ' a n d - 1 0 ' w o u l d b e e q u i v a l e nt o
t a p u r et i m ed e l a yt h a t
w o u l d c a u s e n o d i s t o r t i o nb u t w h e n t h e L S B i s g i v e n a
counterclockwise
displacementof 8", the resultis a tiltingof

I
I

I
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The Network Phase Curve
gain as the FM signalcarrierfreFig.4 is a plotof differential
quency is sweptoverthe phasecurveof an all-passnetwork.At
regions of maximum phase curvature,the phase and frequencydeviations
outarereducedgivinga dip in demodulated
put. At the pointof inflectionof the phasecurve,wherethe carrierand firstordersidebandscan lie on a straightline,thereis

no phasedlstortion
of the firstordersidebands,no tiltingof the
phasorlocus,and no reductionin phaseor frequencydeviation.Secondordersidebandswould not lie on the straightline
and so wouldbe phase-distorted,
causinga slightreductionin
the centralpeak of the differential
gain curve.
+1 dB

+1 dB
Fig. 7.

@

at zero angulardeviation,the AM is in phasequadraturewith
the signalPM. In this case, PM resultingfrom AM-to-PMconversionis in phase quadraturewith the signalPM and shifts
the phaseof the signalPM,leavingthe signalphase-modulation
index unchanged.AM variationsresultingfrom non-flatgain
thereforegive rise to differentialphase but not differential
gain Thisis shownanalytically
by the secondtermof equation2.
DG
Fig. 5c.

AM-to-PM Conversion
ln Fig.5 the askewtrianglesof Fig. 4 are enlargedand the
effectof +1' per dB of AM{o-PMconversionis added.Fig.5a
showsa 1-dBincreasein phasorlengthon the left.This is aposiflve
incrementof AM and so f is added, giving a counterclockwise shift.On the rightof Fig.5a the phasorlengthis reduced
.f
is subby 1 dB. This is a negative incrementand so
tracted,giving a clockwiseshift.The overallresultin Fig. 5a
is an increasein phase deviationand frequencydeviation.
T h e p h a s e a n d f r e q u e n c y d e v i a t i o n sa r e d e c r e a s e d i n
F i g . 5 b b y a s i m i l a ra r g u m e n t T
. h e d i f f e r e n t i agl a i n ( D G )
resultingfrom AM{o-PM conversionis shownin Fig.5c.
gaincontributions
In Fig.6, the differential
of Fig.4 and 5 are
"W" formtypicalof an all-pass
added,givingthe asymmetrical
networkfollowedby a devicethat givesAM{o-PMconversion.
This appearanceof asymmetryis the basis for detectingthe
presenceof AM-to-PMconversion.

DG
A+B
Fig. 6.

The Effect of Network Gain Slope
In Fig.7 the effectof a gainslopealoneis dealtwith.Thereis
no phasedistortion,
onlychangesin phasorlengths.The USB
is attenuatedrelativeto the LSB.Whenthe USBand LSBare in
lineand in oppositiontheyno longercancelexactlyso an elliptical locus results.
Notethat since the maximumlengthof the resultantoccurs

uuv u u
DG
Fig. 8.

Network Gain Dip
Fig,B showsa gain dip in an all-passnetworkresultingfrom
componentloss.At thecenterof thegaindip,thecarrierisattenof equal
uatedrelativeto the sidebands,whichare themselves
amplitude.The phasor triangleis compressedgiving an increasein phasedeviationand thereforein f requencydeviation.
The networkgain dip gives a differentialgain peak that is
the
aboutthe centerof the gain dip. Analytically,
symmetrical
gain dip is accountedfor by the secondterm of equation1.
The test for AM{o-PM conversionis not invalidatedby the
gain dip providedthatthe lattercoincideswiththe center,or inflectionpoint,of the networkphasecurve.This is the pointof
maximumgroup delay. No asymmetryis introduced.An offcentergain dip, however,willcauseasymmetryin the absence
of AM-to-PMconversion.AM-to-PMconversionin a test item
is then indicatedby a changein the asymmetry.

Ouantitative Results
Two methodshavebeenusedto quantitatively
relatetheAMto-PM conversioncoefficientwith differentialgain symmetry.
of the
whilethe otheris a computersimulation
One is analytical
n e t w o r k ,A M - t o - P Mc o n v e r s i o na, n d F M s i g n a l ,g i v i n g ,a s
output, a plot of differentialgain. A brref reviewof the first
methodis given here.
Termsof the followingequationhavealreadybeenpublished
and discussed.l2 Herethe terms,separatelyand in combination,are plottedfor a typicalnetworkto showtheircontribution
gain. The plotsare seen to have the sameform
to differential
as thosepredictedby the phasordiagramapproach(Fig.9).

-.5

60

70

Fig.10(a). Differential gain display generated
by an all-pass network with no following AM to
PM canve6ion. The "W" tarm arising from the
phase curve ts superimposed an a cental
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Fi9. 10(b). Differential gain display having the
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twa contributions ot (a) with the additianal
asymmetrical conttlbutian arising fram AM ta
PM conversion. The appearance of this
asymmetty

is lhe basis af the method

for

detecting AM ta PM conversion.

DG(x): 1 + a" (x) a*212+ Kr'(x)o^212-r'' (x) r,.r.4/811)
DP(x): r (x)a.rr-Ka' (x),'
e\
where
gain characteristic
DG(x)is the basebanddifferential
phasecharacteristic.
DP(x)is the basebanddlfferential
o(x) is the normalizedamplituderesponseo{ the network
r(x) is the group delayof the network
x is the swept carrierfrequency
K istheAM{o-PMconversion
arisinginthesystemundertest
ot*l2r is the test frequency
' " are the firstand secondderivatives.
, ,

centeredat 70 MHz, and havinga gain dip of 0.45 dB centered at 70 MHz. A computer program evaluatesa" and r'
f r o m t h e n e t w o r k s i n g u l a r i t i e sa, n d g e n e r a t e st h e p l o t s
shown in Fig. 9. Fig. 9(b) and (d), withoutand with AM{oPM conversionrespectively,should be compared with the
photographsin Fig.10 (a) and (b) whichshowdifferential
gain
displayson a MicrowaveLinkAnalyzer.
lan Matthews
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a buffer to the thin-film balanced detector that follows. The response of this detector is flat within 0.02
dB over an input range of 115 to 165 MHz,
The heart of the IF portion is the tracking demodulator, shown in Fig. B. To provide useful measurements, this must be more linear than any demodulator likely to be encountered in a communications
system.
High demodulator linearity is achieved in effect by
heterodyning the incoming signal with a frequencyfollowing local-oscillator signal to give a nearlyconstant difference frequency of tz.+ MHz. The difference frequency is applied to the frequency discriminator and the discriminator output is used as an
error signal to control the local oscillator, maintaining the 17.4-MHz difference.
The gain around the frequency control loop is 80

ReceiverCircuits
The main function of the IF/BB receiver is to derive
from the input signal information that can be used
for quantitative display of disturbances in phase and
level of the baseband signal, disturbances that arise
from nonlinearities in the system under test. If the
system under test supplies the baseband signal to the
receiver, the low-frequency sweep and the highfrequency test signal are separated by straightforward
filtering and appropriately amplified for detection
and use by the display.
In the IF portion of the receiver, the amplifier following the input attenuator is a thin-film type to
minimize the distortion that would arise from
non-flat group delay and amplitude response. The
input common-base stage presents a return loss of
better than 3B dB to the input attenuator and serves as
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Linearity and
DifterentialGain
to cRT Oisplay

Frequency Tracking Loop

Detected
lF for CRT
Oisplay

Markers
tO CRT
Display

dB so a 50-MHz frequency variation of the IF signal
is reduced to 5 kHz at the discriminator input. This
residual sweep is small enough to give, in effect, a
demodulator of high linearity since discriminator
nonlinearities are not being traversed by the 1.7.4-MHz
IF. The baseband test signal is thus faithfully reproduced at the discriminator output. Baseband test signals as high as 5.6 MHz are recovered with low distortion by this method.*
Precision Sweep
The control signal applied to the tracking-Ioop's local oscillator is, of course, comparable to the 7o-Hz
sweep but because of nonlinearities in the oscillator's frequency/voltage characteristics, it is not a
pure sine wave. A pure sine wave is required, however, to maintain a linear frequency scale for the
horizontal axis of the CRT display. Therefore, a
sine wave 'is synthesized in a separate circuit and
phase-locked to the 7O-Hz error signal.
The sine wave is synthesized in the same manner
as in the transmitter but with the phase-lock error signal controlling the clock oscillator. However, precise
t lf eitherthe8.2-or 12.39-[4Hz
testsionals
iSused,anexternal
wideband
demodulator
mustbeemployedif lF-to-lF
0r BB-to-lF
measurements.are
t0 be made.

Group Delay and
DifferentialPhase
to cRT Oisplay

Fig.8, An lF signal is processed
through a tracktng demodulator
in the receiver. recovering lhe
high-frequency test signal with
high fidelity

synchronization is required so the display's horizontal axis can be related to frequency. The question
now arises, where on the recovered sweep waveform
is synchronization to be accomplished? Because of
the nonlinearities of the waveform, the only points
where voltage can be precisely related to frequency
are at the maximum and minimum values (waveform
points B and D in Fig. 9J.
Pinpointing the location of these points is difficult,
however, because of the near-zero rate of change
around these points. Instead, two points where the
steep-rising parts of the waveform intersect a dc voltage are detected (points A and C). The time interval
between the two points is measured and half this
value is used to locate the time of occurrence of point
B. The zero-level axis was arbitrarily chosen for
points A and C although any other level could have
been used because of the symmetry of the waveform
about B.
As shown in the diagram, a limiter squares the recovered sweep waveform to delineate points A and
C more sharply, and the squared waveform gates
clock pulses to a counter. When the waveform terminates the count, the result retained in the counter is
shifted one place as it is transferred to a storage regis-

Fig. 9. Recovered-sweepproL.O.
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waveformby measuringthe time
betweenpointsA and C and dividtng Dy two.

Markers
For calibrating the frequency scale of the CRT display in terms of IF frequency, two types of markers
are provided. One type is a crystal-controlled frequency comb that puts pulses on the CRT trace at
either 2-MHz or S-MHz intervals. The other is a single
marker that can be moved along the trace to identify
the frequency of any point on the frequency scale.
The control that positions this marker has a fourplace digital readout that gives precise indication
of marker frequency over a range of 115 to 165 MHz.
The marker generation technique is based on the
detection of zero beats between the incoming signal
and a locally-generated signal of known frequency.
The circuit design was influenced by two factors: (1)
marker generation must not be affected by the FM signals'sidebands, and (2) marker width should not be
affected by a change in sweep width. The first factor
is dealt with by substituting a local oscillator signal
for the incoming IF and phase-locking the oscillator
to the IF signal. The bandwidth of the frequency control loop is restricted so the local oscillator tracks the
sweep but not the relatively high-frequency FM.
Marker width control, the second factor, is accomplished in the circuit shown in Fig. 10. This uses an ECL
D-type flip-flop as a mixer with the incoming signal
applied to the D input and the locally-generated reference applied to the clock input. The normal output of
such a circuit in the vicinity of a zero beat is shown
by waveform Q1 and Q1 in Fig. 10. The flip-flop outputs, however, drive capacitors (C) that are charged
quickly by transistor pull-up, but that discharge
more slowly through resistors (R), thus giving the
waveforms Q2 and Q2. Hence, the Schmitt trigger circuits are triggered only when the width of the
Q1 and Q1 pulses is wide enough to allow the voltage on C to fall to the trigger level.
The Schmitt trigger outputs (Q3 and Q3) are OR'd
to get waveform A1., which also drives a capacitor circuit obtaining waveform 42. This waveform is inverted and smoothed (B1) and used to drive the output Schmitt trigger. The Schmitt output is a single
pulse that spans the zero beat.
Marker width is controlled by varying the voltage
V", which controls the rate of capacitor discharge. A
steeper discharge for C causes the first Schmitt circuits to trigger both earlier and later in the zero-beat
cycle, widening the output pulse.
The automatic marker width control varies V" to
keep the marker width constant at 2 mm of display for
IF sweep widths from 10 MHz t9 50 MHz. Below
10 MHz, the markers widen, reaching 10 mm typically at a 3-MHz sweep width.
When the instrument is used in the spectrum display mode to check the modulation index of an FM
signal by the carrier-null method, the phase-lock loop

ter, effectively dividing the count by two, On the
next cycle, the stored count is compared to the instantaneous count in the counter and when the two are
equal, a trigger pulse is generated. The stored count
is then updated.
Phase-locked to this trigger is the sine wave
generated by the shift-register synthesizer.

u
Oz

Fig. 10. Marker generator uses a D-type flip-flop as a
mixer to derivea pulsethat spans fhe zero beat betweenthe
incomingsignal and a reference.
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is opened and the local oscillator is controlled by an
internally-generated sweep-voltage. The LO signal is
mixed with the incoming FM signal and the result is
low-pass filtered, giving a display of the spectrum
of the incoming signal. The markers can also be
added to this display.

and phase modulation are not changed by mixing the
higher test frequencies down to 250 kHz, the phase
calibration steps hold for all these frequencies in
terms of degrees or radians. The lower frequencies
are passed directly through the phase delays without mixing and are therefore given in nanoseconds
of delay.
Amplitude displays are calibrated by switching a
precision attenuator into the signal path on alternate
sweeps.

Phase Detector
Measurements of group delay and differential
phase are made by phase-comparing the high-frequency test signal, separated from the sweep signal
in the receiver, to the output of a crystal-controlled
oscillator. To avoid the effects of slow drift, the crystal-controlled oscillator is phase-locked to the test
signal, the bandwidth of the loop being restricted to
10 Hz so as not to affect the wanted phase information
which occurs atTOHz, the sweep rate.
As shown in the block diagram of Fig. 11, the output of the 1-MHz crystal oscillator is divided down to
match the frequency of the lower test frequencies
(83.3, 250, and 500 kHz) for phase detection. The
higher test frequencies are heterodyned down to 250
kHz for comparison with the phase-locked oscillator
frequency divided by four. The oscillator used for
the down-conversion uses switched crystals for stable
frequency control.
The phase display is calibrated by switching in a
fixed delay on alternate sweeps. The CRT then displays two phase traces, with the vertical separation
determined by the amount of added phase.
The calibrated phase delays are achieved with
switched RC networks. Since frequency deviation
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Fig. 11. Block diagram of the
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phase-lockedto the average
phase of the incoming signal.
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ABRIDGED SPECIFICATIONS
HP Model 3790Ai3792A Mlcrowavo Llnk Analyzer

IEASUFETENIS:
Mdulalor li.eaily and s€nsittuity
Oomdulator lineility and s6nsielv

SWEPTFBEOUEilCY
lback{c&*)
tdlmum

lF Anolitude F6Don$

CqSlllly

Inhd.nl

Sl@o

BE

ASBB
F.qu6ncy sp€drun
Porer, gain, and aienuarlon
SWEEP FAEOUENCIES:70Hz, rine or ExT (4c1O Hz)
SASEBAilD FFEQUEf,CIES:S.333,250, @O kHz,2.4,3.S (4.43),5.6, a.A,
t2.39 Mk, EXT 00 kHz to 15 MHz wilh demdutaton to 5.6 MHz.
aASEAAXO OEVnnON: 0.s lo so kHz .ms.
SPECAUT ilOOE: r25 MHz cedtrd be&sn 135 and 145 MH2.
IXPEOANCE:7il
POWEF: i 10, 14,2&,2{V,
+506, -10%,4a-66 Hz. I50VA (379OAl+ 1$ VA
(3792A)
TETPERATUEE (qs€liru): O ro SC
WEIGHT(*lh plugjns):37$A, 18 kg (39.25 lb)j 3792A,22.5 k9 (49.25 tb).
qtENgOf,S: 3790A,425 mm W x 172 mm H x 457 mm O (16.75 x 6.75 x 18
in); 3792A,425 frm W x 216 mm H r 457 mm O (16.75 x 8.5 x 18 jn).
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lan Matthews
lan MatthewsjoinedHP Ltd. in
1968lollowingeightyearsin
microwaveradiolinkdevelopment in Canadaand the U S.A.
He contributedto the Model
3 7 1 0 AM L A a n d t o t h e 5 1 0 - M H z
oscillator.
thin-film components,
and attenuatorof the lVodel3790,4
beforetakingon projectleadership lan earneda BSc degree
with honorsin physicsfromAberdeenUniversity
and a MScdegree
in digitaltechniquesfrom HeriotWattUniversity.
He has alsodone
graduatework at StanfordUniversity,California.
Marriedwithtwo daughtersaged B and 10,
he enjoysfamilycamping,hillwalking,and golf.

HewletfPackardCompany, 1501 Page Mill
Road, Palo Alto, California 94.3O4
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Svend Christensen
As a student,SvendChristensen
did summerwork at HP Ltd.,
Scotland,and then on obtaining
his degree(TeknikumIngenior)
from the Teknikum,Sonderborg,
Denmark,returnedfull-timein
1973.Firsthe undertookthe
developmentof the MLA marker
circuitsand then becameinvolved with the MLA systemsasPects,also contributingto the
designof the 140-MHzprogrammable attenuator.
He is now en'gaged
in new productinvestrgation.Scottishweatherpermitting,
Svend'sleisureactivitiesincludegolfing,cycling,and photography.He is marriedand has two daughters,3 and 5.
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