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Generation of data h (2) Modulation of Wal(l,t) by data h
e
q := sin|4-7-—
t 128 Modulated signal
Data pulses
h == if|{q > 0,1,0 m2 := iflh > 0,a ,O0
t t ) t t
Fregquency spectrum Frequency spectrum
H := f£fft(h) M2 := fft(m2)

In this case the duration of the data pulses is three
times that of the Walsh function Wal(1l,t).

Frequency spectrum of carrier, Wal(l,t) Carrier ,Wal(1l,
(Time domain)
20
3 B
A
j a
/ t
0 A VAN =
0 j 64 0 t
Frequency spectrum of data, H Data pulses
8
1.1
‘H
3 h
it
0 /\ /\ P N -1
0 j 64 0 t :
Frequency spectrum of modulated carrier Modulated
carrier
6
1.:.3
)nz ’
J m2
t
0 =1 5.1
0 3 64 0 £
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Generation of data i

Data pulses

i == if[r

> 0,1,0
t

t
Frequency spectrum

I := fft(1i)
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(2) Modulation of Wal(1l,t) by data i

Modulated signal

> 0,a ,0
t

Frequency spectrum

M3 := fft(m3)

In this case the duration of the data pulses is four
times that of the Walsh function Wal(l,t).

Frequency spectrum of carrier, Wal(1l,t)

Carrier,Wal(1l,
(Time domain)

1.1
a
t
A VAN -1.1
0 Jj 64 0 t
Frequency spectrum of data, I Data pulses
1.1
i
t
/\ /\ AN A |
0 | 64 0 t
Frequency spectrum of modulated carrier Modulated
carrier
i
' m3
" A t
0 3 64 0 t
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Frequency spect. """ 777" signals
t 2= 0 ..255 j := 0 ..64
Generation of Wal(1l,t) Generation of Wal(2,t)
E t m
w = sin(l2-w-—— X 3= sin|12-7-— + —
y o 128 £ 128 2
Carrier Carrier
a := if(w < 0,1,0 b &= i1fi®x » 0;1;0
t t t o

Frequency spectrum

g := fft(a)
Generation of Wal(3,t) Generation of Wal(4,t)
t t m

y = sin{24-7-— z :=sin|24-7-— + -
t 128 t 128 2
Carrier Carrier

c == if|ly = 60,1,0 : 4 := if|z > 0,1,0
t t t t

The carriers used in the binary system switch between 0 and 1.
When modulated by a "1" the "NOR" function is applied. In the
simulation this is achieved by changing from > to < in the "if"
statement for the carrier.

In this example the carriers Wal(l,t) and Wal(3,t) are modulated
by 1’s. The modulator outputs are then summed and sliced.

The sum component and the sliced signal are displayed in the
time domain. The frequency spectrum of the sliced signal is
also given.

. A A

0 . 64

Frequency spectrum of Wal(l,t)
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sum of modulator outputs

u :=a +b +c +d
t t T t

Multi-level signal

4.1

0 t 255

Set slicer at 3.7

t

v = if|u
=

> 3.7,1,0}

Sliced signal

; ) = B 2 B 4 m B e R o g

0
0 t 255

Frequency spectrum

£ = £fE(V)
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APPENDIX E

MEASUREMENTS OF WAVEFORMS AND
FREQUENCY SPECTRA
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SEQUENCY DIVISION MULTIPLEXING TECHNIQUES FOR THE
TRANSMISSION OF DIGITAL INFORMATION
H.F. Coetzer and G.D. Jordaan

Faculty of Engineering, Technikon OFS
Private Bag X20539, Bloemfontein 9300

ABSTRACT

This paper describes the
principles of operation of
multi-level and binary seguency
division equipment which  has
been built at Technikon OFS.
The technique of slicing the
multi-level signal to produce
binary signals differs somewhat
from existing methods.

1. INTRODUCTION

The multiplexing of digital
signals in telemetry and data
transmission applications is
usually performed with frequency
or time division techniques.
Modulation techniques such as
frequency shift keying (fsk) or
phase shift keying (psk) are
used to impress data onto the
carriers before transmission.

This paper describes two methods
of sequency division multiplex-
ing of digital signals wusing
Walsh = functions as carrier
waves. Multi-level signalling
is employed in the first method,
while the second wuses binary
signalling.

Complete sets of transmitting
and receiving equipment for both
methods of sequency division
multiplexing  have been con-
structed, each with four
channels operating at a
signalling speed of 2400 bits
per second.

2. WALSH FUNCTIONS:

The set of functions developed
by J L Walsh in 1923 is a set of
orthogonal waveforms. While a
number of different sets of
orthogonal functions are suita-
ble for multiplexing applica-
tions, the only set which is as
efficient as the sinusoidal
functions in terms of bandwidth
utilization are the Walsh
functions (Beauchamp, 1984: 235)

A set of eight Walsh functions
are shown in fig. 1.

g Wal(0,t)
; Wal(1,t)
g ————  Wal(2,t)
; Wal(3,t)
; Wal(4,t)
;: Wal(5.t)
g —  Wal(6.t)
(::i- Wal(7.t)

Fig.1.Walsh functions.
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The first wave Wal(0,t) is
simply a continuous dc signal
with magnitude +1, while the
rest of the waveforms switch
between +1 and -1. An examina-
tion of Wal(5,t) and Wal(6,t)
reveals that the "frequency" of
these waveforms is not constant
and the term frequency is
therefore not appropriate.
Instead, the term "sequency" is
used to denote one half the
average number of zero crossings
(or sign changes) per unit time.
(Tzafestas, 1985:8)

A set of four Walsh functions,
Wil E), Wi2.t). W(3,t) and
W(4,t) was used as carrier
waveforms in the multi-level
sequency division multiplexing
system which was constructed.

The Walsh functions were pro-
duced by suitable combinations
of block pulse functions.
The process 1is 1illustrated in
fig 2.

RING COUNTER

o) Wal 1

_.g-D_qum 2
o

1 Wal 3
_IZDJ‘WGI 4

Fig.2.Walsh function generator.

In this circuit a clock pulse
generator drives a ring counter
which circulates a logic "1"
through the counter stages.

The required outputs of the ring
counter were combined in "NOR"
logic gates to produce the set
of Walsh functions. A number
of different Walsh function
generators are discussed by
Beauchamp (1984:137), but the
above method of added pulse
generation was found to be
particularly versatile for
experimental purposes as the
logic combinations may easily be
altered if necessary.

3. MULTI-LEVEL SEQUENCY DIVI-
SION MULTIPLEXING:

Although analog signals en-
countered in speech telephony
may be multiplexed with a set of
Walsh functions (Schreiber,1974:
323), only binary input signals
have been used in the system
which was constructed.

One of the important advantages
of using the Walsh functions as
carriers is that multiplication
by digital data signals
(modulation) produces only one
sideband, and not two as is the
case with sinusoidal products.
(Beauchamp, 1987:185)

The reason 1is that the Walsh
functions form a group under
multiplication SO that the
product of two Walsh functions
produces another Walsh Function.

Wal(n,t) .Wal(m,t) = Wal (n@m,t)

Where ® is taken to mean modulo
2 addition of the indices n and
m in binary form.

The production of a single
sideband allows sideband filter:s
to be omitted in SDM equipment.

A further advantage is that the
circuitry consists largely Yof
digital integrated cireuiti

© Central University of Technology, Free State
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also a multi-level waveform.
A typical case is illustrated in
Fig: 5.

The upper trace is the original
binary signal, and serves as a
timebase or reference for the

other signals in this figure.
The second trace is the
multilevel output signal from

the corresponding demodulator.

Fig.5. Demultiplexer waveforms.

3.3 Data recovery filter:

The multi-level output waveform
from each demodulator is applied
to an integrating circuit, and
the output from each integrator
is passed through a Schmitt
trigger to a D flip-flop to
recover the original data.

The process is illustrated by
the third and fourth traces in
fig. 5.

A successful system of this type

has been installed in
Switzerland, by Furrer, Shar
and Maurer (1972:89).

This system is used to monitor a
number of parameters from 50
measuring points along the
length of an electric power
cable installation.

4, BINARY DIGITAL
DIVISION MULTIPLEXING:

SEQUENCY

Multi-level signals have a
variable peak to average power
relationship and may be
corrupted by noise. Such
systems also require the use of
very linear multipliers.
(Beauchamp, 1984:238).

Titsworth (1963:42) proposed a
system in which the multiplexed
transmitted signal is also a
binary signal with only two
levels.

Gordon and Barrett, 1971 : 417
constructed an experimental sys-
tem in which each codeword 1is
scanned, timeslot by timeslot,
and that character which is in
the majority in each timeslot is
taken as the signal to be
transmitted.

The experimental system con-
structed at Technikon OFS 1i¢
somewhat different in that the
outputs from the modulators are
first applied to a summing
circuit, and then sliced at :
level determined by the dat:
inputs at the multiplexer.

A simplified block diagram o:
this system is given in fig. 6.

© Central University of Technology, Free State
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inputs
5 — SLICER
|

Waolsh functions.

Data inputs :
!
i
1 INTEGRATE. 1
Data
outputs
2 INTEGRATE.
Walsh functions.

Fig.6. Binary sequency division multiplexing.

4.1 Modulation:

Simple exclusive "OR" logic was
used to perform the function of
modulation and demodulation.

For this reason, the Walsh
functions which were used switch
between 0 and 1, and not +1 and
-1 as in the multi-level system.

Input data must be synchronous
with the Walsh functions as
shown in fig. 7.

The Walsh functions Wal3 and
Wal4 determine the width of each
timeslot t as in fig. 7 . For
reliable signalling it was found
by experiment that the duration
of each data bit should not be
less than four such timeslots.
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Data in. 1 Bit
Chan.1

Wal.1 ]

wol2 [ ]
1]

Wal.3

Wal.4

|

, e e, ————

I
2t

o)) U
o e

=

=

™

Fig.7 Timing of data and Walsh functions.

A consideration of the Waveforms
encountered during modulation
and summation reveals that the
multi-level signal extends over
eight time periods, each of
duration t/;.

This is due to the non-overlap
in time of the functions Wal3

and Wal4 as shown in figs.7
and 8.
1 Bit.
Data in. L
I
I
]
Wal.3 | | i
]
!
Wal. 4 I |
!
Slicer
level =777
]
Binary !
output |
b o gy ), Hme
8 t/2 t 2t 3t 4t

Fig.8. Slicer action.
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4.2 Slicer:

The multi-level signal in fig. 8
is sliced at the second level
and converted to a binary output
signal with the aid of a
comparator.

The slicing level required for
each combination of data inputs
was determined by inspection and
proved experimentally.

Table 1 shows the slicing levels
used for wvarious data inputs.

Table 1
Data in. Slicer. Data in. Slicer.
2000 1 1009 2
2001 1 19001 4
0010 2 1918 3
2@ 11 2 1011 3
0109 2 1109 3
21091 2 1101 3
01180 3 11180 4
2111 3 (O 4

A programmable array logic (PAL)
circuit was used to set the
correct level for each combina-
tion of data inputs.

Binary output signals for each
data bit extend over eight
periods of t/; and may be
transmitted in the form shown in
fig. 8.
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4.3 DEMODULATOR:

The binary signal is demodulated

by the corresponding Walsh
functions at the receiver.
Exclusive "OR" circuits were

used for this purpose.

The output from each demodulator
is also a binary signal that
extends over eight periods of
t/2 for each data bikt..
Waveforms of demodulation pro-
cess are illustrated in fig. 9.

ey
Received 1 Bit interval

signal ] ] l '

Wal3 [ ] [ ] .

Demod.3

output —l ,_] ,—I

Integ.3
output

Fig.9.

Demodulation of received binary signals.

The number of 1's in each
interval of 8 x t/, determines
whether a data 0 or 1 has been
received.

in the system constructed, three
or less 1's represents a 0 bit,
while five or more 1°' represents
a 1 bit.

© Central University of Technology, Free State
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An integrating circuit followed
py a Schmitt trigger and D latch
is used to recover digital data
from the demodulator outputs as
shown in fig. 9.

The complete multiplexing/de-
multiplexing process for several
data combinations 1is shown by
the waveforms in fig. 10. (see
addendum A)

5. SYSTEM EVALUATION:

A novel pseudo random data
generator has been constructed
to facilitate testing of the
equipment. A test set which
allows data input signals to the
multiplexer to be compared with
output signals from the
demultiplexer has been built to
permit detection and counting of
errors.

Performance tests of the systems
are presently being conducted.
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Addendum A.

Data inputs.

o109

1110

Wal. 1

Wal.2

Wal.3

Wal.4

Mod.1

Mod.2

Mod.3

Mod.4

Sum of

mod.outputs

Sliced output

Demod.1 out

Integ.1 out

Schmitt level -

Flg 10. Binary sequency division multiplexing waveforms.
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IMPLEMENTATION OF AN ADA feemaogy. Free Stz NN A BINARY WALSH CODE DATA
TRANSMISSION SYSTEM

Mr Frank Coetzer
Technikon Free State - Bloemfontein - South Africa

Abstract: The transmission of digital information in a binary multi-channel system using
Walsh functions as carriers requires a means of converting multi-level signals to binary
signals that will readily permit the recovery of data. An adaptive slicer that is set by the
combination of signals at the inputs to each channel was developed for this purpose.

Fur die Ubertragung von digitalen Informationen in einem binaren Mehrkanal-System,
wobei Walsh-Funktionen als Trager benutzt werden, wird eine Technik benétigt, durch
welche man Multi-level Signale umwandeln kann. Dies lasst die Wiederherstellung der
Daten zu. Fur diesen Zweck wurde eine Kombination von Komparatoren (“Slicer”)
entwickelt. Der Slicer wird i1iber seine Eingange progammiert.

Introduction

The work in this project was concerned mainly with the use of a set of orthogonal square
waveforms as carriers in a multi-channel system for the transmission of digital information
for telemetry applications. The set of square waveforms used as carriers are known as
"Walsh functions" [1].

The Walsh functions are a set of aperiodic rectangular waveforms and since the number
of zero crossings per second is irregular the term “sequency” is used in place of
‘frequency” [2].

Sequency division multiplexing is similar to frequency division multiplexing in that the
input signals also modulate carriers that are allocated to each channel. In other ways, as
the Walsh functions are pulses, sequency division multiplexing resembles time division
multiplexing [3]. A four channel sequency division multiplexing system was constructed
using a set of four Walsh functions as carriers.

In this application the input signals to each channel consisted of data pulses in binary
form. Each input signal modulates one particular Walsh carrier from the set of Walsh
functions. The modulator outputs are combined in a summation process producing a
multi-level signal which must be converted to a binary signal before transmission [4].

By inspection of the waveforms it can be seen that if the output of the summing network is
sliced at a fixed level the signals cannot be decoded correctly for all input data
combinations. However, by setting the slicing level according to the combination of the
input data during each bit interval the original signals can be recovered at the receiver.

At the receiver, the demodulator recovers the data in each channel by multiplying the
composite waveform with locally generated replicas of the Walsh function carriers. The
output of each demodulator consists of a series of pulses and these are applied to
integrator circuits which are reset at the end of each data bit.

© Central University of Technology, Free State
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2. Binary sequency division multi, = o free S

A simplified block diagram of the binary sequency multiplexing system is given in Fig. 1.

i
11—
Data
inputs z Slicer
. ] >— [T
l 1 2
Data inputs
Walsh functions
Transmitter | Transmission link

Data
outputs e
2 DRF _CE
\Y
jD Exclusive-OR

Walsh functions | L = Summation network
i DRF = Data recovery filter

Receiver

Fig. 1 Block diagram of binary sequency division multiplexing system

Exclusive-OR logic was used to perform the function of modulation and demodulation.
The exclusive-OR modulator outputs are combined in a linear summing network and the
composite multi-level signal is applied to the slicer. The action of the transmitter is
illustrated by the waveforms in Fig. 2.

The output from each demodulator is a binary signal consisting of a number of pulses
within each bit period. At the receiver the binary signals are demodulated by the
corresponding Walsh functions in exclusive-OR logic circuits.

The output of each demodulator is applied to a data recovery filter containing integrators,
Schmitt triggers, and D flip-flops to recover the data bits. The number of 1's in each
interval of eight #/2 periods determines whether a data 1 or O has been received. The
Schmitt trigger uses the integrator output at the end of the integrating period to establish
whether a 1 or 0 condition exists. Note that there is an inherent 1 bit delay between the
input and output pulses to the system.

The process of demodulation is illustrated by the waveforms in Fig. 3.

© Central University of Technology, Free State
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‘ 1 Bit pel

» Wal (1,1) I [—

Walsh
Carriers

Multi level
signal

Binary
output

l—’__’_‘ Slicer. level
'_1
I [ I
| ‘ ‘ | / I time
0 v2 t 2t 3t 4t

Fig. 2 Sequency multiplexing transmitter action.

Typical
received
Signal

r— 1 Bit period —»rt——-— 1 Bit period 4"

Wal (1.t)

Demod. 1
output

Integrator 1
output

Schmitt trigger level

PR

Schmitt 1
output

Reset
pulses

Data

P
OBitentered ____~ 1 Bit entered f//'

Output

Fig. 3 Demodulation of typical binary sequency multiplexing signal
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By sketching the relevant waveforms for each combination of data inputs it can be seen
that if the output of the summing network is sliced at a fixed level the signal cannot be
decoded correctly for all input data combinations. However, by setting the slicing level
according to the combination of data inputs during each bit interval the original signals
can be recovered at the receiver.

The slicing level required for each combination of data inputs can be determined by
inspection and proved experimentally. The optimum slicing levels found for reliable
demultiplexing of various data inputs are given in table 1.

Table 1 Slicing levels for all data input combinations

alb |c |d |Slicelevel
0 {0 |O |0 |w
0 [0 (O (1 |w
0 [0 (1 |0 |x
0O [0 (1 |1 |x
0 |1 [0 |0 [x
0o |1 0 |1 X
0 |1 |1 |0 |y
0 L1 11 |1 |y
1 |0 [0 |0 |x
110 |0 |1 |z
1 ]0 |1 |0 |y
1 10 |1 (1 |y
1 11 |0 |0 |y
111 [0 |1 |y
1 1 14 |0 |=
¥ 11 % [1 |=

Since the combinational logic required to perform the slicing function requires a large
number of gates, a 16R4 programmable array logic (PAL) integrated circuit has been used
for this purpose. [4]].

A set of Boolean relations can be derived from this table and used to prepare a

programmable array logic (PAL) circuit to accomplish the logic required for the slicing
circuit.

© Central University of Technology, Free State
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The outputs of the PAL must be con Technology. Free Stwte \way that the slicer is set more or less
in the centre of each amplitude level for the various combinations of data inputs.

Output W must set the slicer to the lowest level, output X sets it to the next higher level,
output y sets it to third level and output Z sets it to the highest level. The different levels
are obtained by weighting the outputs of the PAL in a summing network.

The PAL is connected to the weighted summing network as shown in Fig.4.

Ry 100k

O — W
—
o ——t—3n
Q —o;
—_
—]
—®©
J—

Fig. 4 Connection of PAL in circuit

4. Comparator
During the time interval of each data bit the outputs of the modulation summing circuit is

compared with the level set by the PAL logic circuit. The comparator circuit with the linear
and weighted summing amplifiers is given in Fig.5.

© Central University of Technology, Free State
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AN v
15k
Mod.1
68k -
Mod.2 1 1
68k 2 |- 5
Mod.3 AAN 8
68k 3
Mod.4 AN/ 3 LM741CN
68k 4+  Summing amp. 2
/77
3
AAAS sTL@81CPN
PAL OQutputs 10@k//5M ——
19
m (slicer)
18— AAN—1
158k 2
12 e AM—
270k 3
LM741CN

4  Summing amp.
(weighted)

11 AAN/
B2@k ’

Fig. 5 Comparator Slicer

A TLO81 operational amplifier was used in a standard comparator circuit.

5.

Conclusions

The system performance was evaluated using a random data generator for the data inputs
and white noise was added to the transmitter output to determine the bit error rate. The
results have indicated that provided the channel bandwidth is adequate the system
operates satisfactorily for use in telemetry applications.

6.

[1]
[2]

[3]

[4]
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