The spectrum of a frequency-limited periodic
wave may be obtained rapidly by measuring its
truncated Walsh spectrum, and then converting
from Walsh spectrum to Fourier spectrum after
the measurement. The conversion process consists of
a matrix multiplication in which a measured Walsh
spectrum vector, of dimension 2* , is multiplied by a
2% X 2¥conversion matrix that is compensated for
Walsh-spectrum truncation, to yield the correspond-
ing Fourier spectrum vector. The microprocessor is
well suited to this end; it is also useful in monitoring
instrument panel switches and driving a display and
print-out. This paper compares available micropro-
cessors from the viewpoint of BCD processing—and
concludes that the Fairchild PPS25 processor is the
one best suited to meet the requirements.
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Introduction

An alternative to the direct measurement of the
Fourier spectrum of a periodic wave, using a portable
instrument, is to measure the Walsh spectrum and
then to convert the measured spectrum to the
Fourier spectrum using a special-purpose converter.
The cal and sal sequency components Ag and Bg of
a wave f(0) are given by

: 4
A, = f(©)cal(s,0)d®
0

1
B, = | f(©)sal(s,0)d®
0

where s is sequency and ©=t/T is the normalized
time. It is well known'® that if the highest harmonic
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in a periodic signal is F, then 2F Walsh values plus
the dc value suffice to define it. Measurement of the
spectral components A, and By is attractive because
cal and sal waves switch between +1 and —1, thereby
obviating the need to multiply f(®) by the cosines
and sines needed in Fourier processing. In Walsh
processing, signal values are merely accumulated,
with or without sign change, depending on the signs
of signal, sal, and cal values at any instant. Also,
synchronous Walsh wave generators exhibiting low
orthogonality errors are extraordinarily simple and
economical when compared with their Fourier coun-
terparts.* Of course the Walsh spectrum is meaning:-
ful in its own right: it contains all the required infor-
mation. However, the extension to convert to the
corresponding Fourier spectrum after the measure-
ment can be achieved simply and economically,
using a microprocessor that is built into the instru-
ment.

In principle, a single cycle of f(©) defines it fully;
in practical measurements, however, one must first
tune the Walsh waves to the signal, and this usually
requires two, or perhaps three, additional cycles.
For signals of low fundamental frequency the
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complete Walsh spectrum vectors are obtained by
using a Walsh array generator and parallel accumu-
lation. At fundamental frequencies above, say, 10Hz
one may economize on hardware by using a serial
processor in conjunction with a digitally addressable
Walsh generator.*

It is desirable to acquire 2">2F Walsh spectrum
values (dc included), not only because a Walsh set
naturally comprises 2" functions (n being an integer),
but also because the conversion process from Walsh
to Fourier expansions is then of the matrix form

[a] = [Ka][AJ]IA]
[b] = [Kp][A,](B] (1)

where [A], [B] are the measured cal and sal spectrum
vectors, each of dimension 2™!, and [a], [b] are the
desired cosine and sine spectrum vectors. [A,],
[A] are conversion matrices, each of order 271 x 271,
the elements of which are Fourier coefficients of
Walsh functions;*»* and [K,], [Kp] are diagonal
truncation compensation matrices, each of order
2r1l x 9m1) the coefficient values being [(sin x)/x]?2
terms, where x = nf/22 for {<2™1, The last coefficient
value in the K matrix (f = 2™!) is n2/8 ~ 1.23.

When implementing the conversion process, the
premultiplied matrix product elements [K][A] are
stored in a ROM so that (1) reduces to the multipli-
cation of a column matrix by a square matrix for the
cosine coefficients, and likewise for the sine coeffi-
cients. Relatively cheap LSI microprocessors are
well suited to this end. They may also be usefully
employed in the monitoring of switch settings and
for the display of results. Our procedure was to com-
pare available microprocessors to meet these objec-
tives, having BCD arithmetic in mind, and to imple-
ment the matrix multiplication, using the selected
microprocessor system?®’®

Microprocessor Selection Procedures and
/0 Considerations

Our approach to microprocessor selection was to
use ‘“‘bench-mark’ programs that are typical of the
application, writing them, and, if possible, running
them (if program simulators are available). This
method was used, viewing the matrix multiplication
as “bench-mark.” We compared four microprocessor
types capable of BCD operations: the Fairchild
PPS-25, Rockwell PPS-4, Intel MCS-4, and Intel
8080. To simplify the problem, we used only BCD
addition as a basic element of multiplication. There-
after the efficiencies of the individual programs
were evaluated on the basis of execution times and
on the memory capacity required for storing them.

On analyzing the instruction sets of the different
microcomputers we found that an instruction set
including the BCD addition operation is not the
most important feature, because decimal correction
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may be carried out quite simply for all of the types
considered. The possibility of multi-digit register
definition and usage of such registers in multi-digit
instructions seemed to be more important. The main
advantage of the PPS-25 is that it enables the selec-
tion of digit “‘slices’’ of data registers according to
different previously-defined digit patterns, and to
execute operations on an assigned multi-digit part
of a single instruction. The PPS-4 has the same
capabilities, and one could define instructions for
only a single digit; but it is possible to arrange
multi-digit registers by memory organization, with
a single instruction to load a digit and point to the
next one (see Table 1). In the case of the MCS-4 and

Table 1.
TYPE MNEMONIC

Processor instructions and operations
INSTRUCTION DESCRIPTION OF OPERATION

PPS-25 TE TIME ENABLE

PATTERNS

SLICES OF THE 25 DIGIT DATA
REGISTERS CAN BE SELECTED
BY 6 DIFFERENT TIME INTER-
VALS (BY MASK PROGRAM-
MING). THE DIGITS OPERATED
ON IN AN ARITHMETIC IN-
STRUCTION ARE DEFINED BY
THE SELECTED TE PATTERN.

PPS-4

LD LOAD ACCUMU-
LATOR FROM
MEMORY

M—A

B(7:5)¥1(3:5)~B(7:5)

THE 4-BIT CONTENT OF RAM
CURRENTLY ADDRESSED ARE
PLACED IN THE ACCUMULATOR.
B: RAM ADDRESS REGISTER
1(3:1): IMMEDIATE FIELD OF THE
INSTRUCTION VEXCLUSIVE OR

PPS-4 EXD EXCHANGE AC- RAM MEMORY REGISTER
CUMULATOR AND
MEMORY AND BU BM BL
DECREMENT N T————
BL
RAM# REGISTER WORD
LOCATION LOCATION
A-M
B(7:5)M-1(3:1)—~B(7:5)
BL-1—BL
Skipon BL=1111
MCS-4 RDM READ RAM M-A
CHARACTER
MCS-4 WRM  WRITE AINTO A—=M
RAM CHARACTER
MCS-4 (74 INCREMENT IN- (R)+1—R
DEX REGISTER IF RESULT 0
SKIP IF ZERO Pu— Py
Py Py
P.+2-P,
8080 STAXD STOREA IN MEM- (A)—~ [(DXE))
ORY ADDRESSED
BY REG. D AND E
8080 LDAXD LOADAWITH [(DXE)]—~ A
MEMORY
8080 INXD  INCREMENTD&E (D)E) + 1 — (DXE)
8080 JNZ  JUMP IF NONZERO IF (ZERO)=0
<B:> <Bs><B2> - (PC)
<Bs>
Table2. Program features
EXECU- NUMBER PROGRAM PROGRAM
PROCES- CLOCK FRE- TION “TIME OF “TIME RUN MEMORY
SORTYPE  QUENCY UNIT” UNITS” IN TIME CAPACITY
NUMBER [MHz] [usec] THE [ sec] [bit}
PROGRAM
PPS-25 0.4 25 25 62.5 12
PPS-4 0.2 5.0 100 500.0 80
MCS-4 0.74 1.35 1336 1704.0 136
8080 2,09 0.48 479 230.0 152
COMPUTER
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8080, where the content of a digit counting register
must also be incremented, we have to take the
single digit instruction into a program loop; the
end of the cycle is detected by either a skip or a jump
instruction.

The main features of the programs are shown in
Table 2, which lists program run time and memory
capacity required as main features, in addition to
the clock frequency, execution ‘‘time unit,” and the
number of ‘‘time-units’’ in the program. The PPS-25
emerges as the best choice. Considering the run
time of the matrix multiplication routine, the
results given in Table 2 do not supply an entirely
objective picture; however, execution time was not a
- key factor in our application.

Input/Output interfacing represents an important
area in the design of microprocessor-controlled
measuring instruments. In general, and also in our
case, three basic tasks have to be considered:
(1) input data to be processed, (2) monitor front
panel switches and controls, and (3) output calcu-
lated results (numeric displays, printer, etc.).

As a consequence of the unique I/O structure of
the PPS-25,5 the external data source needs to be
realized in the form of a shift register; this register
can be selected by any processor arithmetic instruc-
tion in which the “Dummy Register” is used as

destination register. A similar method is used for
outputting temporary data. The fact that the PPS-25
is not able to access an external data base directly
causes only a slight inconvenience. Due to the
simple addressing algorithm of the matrices to be
multiplied and stored, only a small amount of
auxiliary addressing hardware is necessary.

The simplest way to consider the settings of the
different front panel switches is to modify the
program execution. Two attributes of the PPS-25
are applied in the realized system: immediate or
delayed (stored) address modification (jump), and
the representation of an input code as status
information, used for program branching. The
implementation of these methods is facilitated by
making use of the keyboard encoder chip included in
the set. A display chip, also included in the set,
drives a numerical panel display directly. It also
cares for the necessary digit selection.

Process Realization

The functional block diagram of the Walsh-Fourier
Spectrum Analyzer is shown in Figure 1, and the
flow diagram of the entire instrument is given in the
Appendix. The instrument can be divided into two

PPS IN #2 & DMA PPS IN #3 PPS IN #4 & DMA
GAIN / | 1 1
SELECTOR KE |
INPUT ANALOG 5
o> AMPLI- SIGNAL ¢ éN_ _|_, RAM | ROM RAM II
FIER PROCESSOR VERTER | [A], [B] [K] « [A] [a], [b]
K
g BIAS SIGN | CALSAL | 1 * X 1
" PROGRAM: ADDRESS MUX ADDRESS »| ADDRESS
MABLE WALS REGISTER REGISTER
H
COMPARATOR FUNCTION L } CLEAR & T
GENERATOR | INCREMENT
| PPS OUT #1 ADDRESSING |
; WCLK | i Logic PPS OUT}#2
N MODULO N 1 |
COUNTER CLOCK | L PPSOUT#3&DMA |
e — . — TPSOUT#3&DMA__ |
GENERATOR PPS OUTPUT PORTS
1 (64 PULSES ! PRINTER FLAG
- PER PERIOD T) | PAIR
\/
DISPLAYED DATA OUTPUT ol FNTER
WALSH ADDRESS | (1...32) DISTRIBUTOR "1 FACE
2 X NO OF LEVEL REGISTER f
CROSSINGS PER KE
PPS IN # 1 I
PERIOD PERIOD/FREQ. = PPS
(1...16) MEAS. REG. |—ECA PRO- MICRO- DATA
KE GRAM PROCESSOR |@=—{ INPUT [@&= INPUT
ROM PPS-25 Mux |; PORTS
shoron ' "
KE PRINT E
(PER/FREQ.-W-F) K I NUMERIC DISPLAY KEYBOARD — SWI1...5We
| MUX AND DRIVER ENCODER o
PRINT _— T ? A
\/
SELECTOR KE -
(OFF-WF-F) . START | Swe | ke | ;?Sr‘:’EL:Y EOA EOC SAL SIN }e— pps ouT #4
PRINTER
| FLAG
WALSH SPECTRUM ANAL YZER WALSH-FOURIER CONVERTER
LEGEND
ASP:  ANALOG SIGNAL KE:  KEYBOARD ENCODER
PROCESSOR CHIP
DMA: DIRECT MEMORY WCLK: WALSH CLOCK
ACCESS WAR: WALSH ADDRESS
EOA: END OF ANALYSIS REGISTER
EOC: END OF CONVERSION

Figure 1. Walsh-Fourier Spectrum Analyzer functional block diagram
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main sections: Walsh Spectrum Analyzer and
Walsh-Fourier Converter. The Walsh Spectrum
Analyzer—shown to the left of the broken line—
produces the Walsh spectrum vector of a periodic
analog signal and stores it in RAM I. Here the most
important unit is the signal processor which, when
fed from the input amplifier, simultaneously
produces Walsh spectrum components Awsg and Byar
(orthogonal pairs) of sequency defined by the Walsh
Address Register (WAR). For fundamental frequen-
cies below 500 Hz, digital operation is preferred,
while for higher frequencies analog methods are
faster. The digital signal processor employs A/D
conversion for each of 64 equally-spaced time
intervals of the signal period, followed by positive
or negative accumulation depending on the sign of
the signal and of the Walsh function in the interval
considered. The analog signal processor integrates
the original or the inverted signal in each interval,
and at the end of the period an A/D converter
produces Ay, and By,g in digital form. With the
joint use of the digital and analog signal processor
in the same instrument, signals encompassing a
wide range of fundamental frequency can be analyzed.

A second route for the signal leaving the input
amplifier is via a level crossing comparator, followed
by a modulo N counter. This logic passes a pulse
for the following stages at every Nth positive signal
level crossing (N is set by SW7). The time between
two successive pulses is taken as period T.

The unit “PERIOD/FREQ. MEAS. REG.”
measures period T (or frequency 1/T above 100 Hz)
by means of its built-in 10 MHz crystal clock. The
function of the “CLOCK GENERATOR” is to
generate a square wave (WCLK) of frequency 64/T,
coherent with the analog signal level crossings. The
Walsh Function Generator* produces functions cal
and sal of sequency determined by the Walsh
Address Register (WAR) for the signal processor.

At the end of a measurement period the hold
outputs of the integrators in the analog signal
processor are converted to three-digit signed BCD
numbers, and the two Walsh components are stored
in the appropriate locations of memory RAM 1.
When the digital signal processor is used, the
outputs can be stored directly. A/D conversion and
store operations take one or more periods. The next
complete T is again a measurement period, etc.; the
measurement, conversion, and store periods follow
each other until all 32 orthogonal pairs have been
processed. This is the end of the Walsh spectrum
analysis phase which is followed immediately by the
Walsh-Fourier conversion.

According to the conversion algorithm, the pre-
multiplied conversion and compensation matrix
[KJ¥[A] is multiplied by the measured spectrum
vectors cal ([A]) and sal ([B]) stored in RAM 1. The
result, the cosine and sine spectrum vectors [a] and
[b] respectively, are stored in RAM II. The conver-
sion matrix used is the same for both the cal-cos
and the sal—>sin conversions, except for the signs
of the elements, so that two signs have to be stored
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together with each [K]*[A] element. The multipli-
cation and accumulation necessary for the matrix
multiplication are performed by the PPS-25. As
mentioned above, all RAM and ROM memories
have addressing logic of their own, and the micro-
processor has only to supply them with clear and
increment pulses.

In principle the inputting or outputting of a 3-digit,
floating point number requires two machine word-
cycles—i.e., an I/O addressing and a data transfer
cycle (2 x 62.5us). In many instances, however, the
sequence of I/O operations is determined (e.g.,
address incrementation is always followed by reading
from ROM and then reading from RAM I); therefore
it is not necessary to include an I/O addressing cycle
before each data transfer. In this way the total time
necessary for matrix multiplication may be shortened
substantially at the expense of some additional
hardware. There are 342 nonzero elements in the
32 x 32 square [K]*[A] matrix, and due to the
addressing algorithm, all zero elements are skipped
in the multiplication process. A 3 by 3 digit floating
point decimal multiplication takes about 4 milli-
seconds on the average, and requires 19 program-
ming memory (ROM) locations. The total cal—>cos
or sal—sin conversion takes about 2.5 seconds.

When the conversion is complete, the micropro-
cessor arranges for the printout of the Walsh or
Fourier spectra depending on the position of PRINT
SELECTOR switch SW4 (OFF—W & F—F). The
printer is interfaced to the PPS-25 and receives data
from RAM I and RAM II through the accumulator.
The microprocessor also takes care of the format
of the printout and writes the appropriate text
above each of the spectra. Additional printouts may
:)Se V(‘)’bt:ained by pressing button “REPEAT PRINT”’

5).

Following the printing phase, the two panel
displays continuously display a pair of numbers
according to the position of switch SW3. This may
be any one of the following:

* Period and frequency of the analog signal,

e Walsh coefficients of sequency selected by

SW2, or

* Fourier coefficients of harmonic selected by SW2.

In order to display the true magnitude of the
coefficients, the setting of gain selector switch SW1
is sensed. An alternative way of displaying the
Walsh and Fourier spectra is to use a CRT display.
For driving a non-storage tube display, however,
the PPS-25 is far too slow, and therefore direct
memory access (DMA) should be used. For simplicity
the panel displays are blanked, and printing should
not take place during DMA. The entire program
occupies 320 12-bit words of memory, of which
about 120 locations are required for the conversion.

In the design phase the PPS-25 was interfaced to
a PDP-8/L. computer which simulated the program
ROM and allowed monitored running of programs.
This is worthwhile, partly to become familiar with
the hardware (the PPS-25 system is not very well
documented), but mainly to ease program writing
and debugging. Bl
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APPENDIX A
Flow of Events in the Instrument

In the flow diagram below the four phases of operation of the

Walsh-Fourier Spectrum Analyzer are shown.
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(6) A, B, C, and D are data registers of PPS-25
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