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ABSTRACT

Several characteristics of selected digital baseband signaling

schemes are studied in order to provide comparisons between the

schemes. A computer program is developed which allows the calcula­

tion and comparison of the bandwidth requirements for each of the

signals studied. The ease with which each signal can be recorded

on magnetic tape is inferred from overall bandwidth requirements.

Comparisons are made between signals on the basis of the complexity

of their encoders, their synchronization qualities and error detec­

tion characteristics, if any. The relative performance of each

signal in the presence of noise is determined by calculating the

noise penalty.
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CHAPTER 1

BASEBAND SIGNALING CONSIDERATIONS

There are several properties which can be considered when

comparing the relative merits of digital baseband signaling

schemes. Such properties include bandwidth requirements, imple­

mentation complexity, synchronization features, noise margin,

ease of recording on magnetic tape, and inherent error detection

characteristics. It is the purpose of this study to investigate

the set of digital baseband signals which have been considered [1]

for use on the data bus designed for NASA's space shuttle. Where

applicable, a rating method is devised which provides a relative

ranking of the signaling schemes for each of the aforementioned

properties.

1.1 BASEBAND SIGNALS

Transmission signals for digital data are classified either

as baseband or carrier, as shown in Fig. 1-1. Practically speaking,

baseband signals occupy the frequency spectrum from de to some upper

limit, which for this study has been chosen as some multiple (m) of

the bit rate, i.e., m/T, , where T, is the bit period. By contrast,
b b

carrier signals have spectra which require approximately twice the

bandwidth of baseband signals and are centered about some carrier

frequency.

1
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(a) Baseband Signal

(b) Carrier Signal

Fig. 1^1. Signal Classification.
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Baseband signals in digital applications result from encoding,

or mapping, data into a signal according to an encoding algorithm.

In many digital communication systems the data to be encoded is

binary in form, and binary data is used as the basis for encoding

all of the baseband signals included in this study. An example of

the encoding process is provided by Fig. l-l(a). The algorithm

for encoding binary data into the baseband signal shown might be:

"If the bit to be encoded is a binary One, the corresponding signal

level is one volt. If the bit is a binary Zero, the signal level

is zero volts."

1.2 BASEBAND SIGNAL TERMINOLOGY

There have been many baseband signaling schemes of practical

interest developed over the years. In the process, descriptive

terms have evolved which refer to particular signals or to charac­

teristics of the signals. Many of these terms have not, unfortu­

nately, been standardized in the literature. In the interest of

clarity several definitions are presented in Table 1.1 and will be

used throughout the remainder of the text.

The terms defined in Table 1.1 are often concatenated in order

to describe signals. For example, the term "unipolar NRZ" describes

a signal which uses a positive pulse of duration T^ to represent a

binary One, and the absence of a pulse to represent a binary Zero.

Polar NRZ signals represent binary Ones in the same manner, but

Zeros are represented by negative pulses of duration T^.
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TABLE 1.1

DEFINITION OF TERMS USED IN
BINARY DATA TRANSMISSION

TERM DEFINITION

Baud Interval Duration of the shortest non-zero pulse in
a baseband signal

Binary Signal Signal which uses two voltage levels to
represent binary data

Bit Contraction of Binary Digit^

Bit Period, T,
D

Time interval required to transmit one
data bit

Bit Sequence Sequence of binary Ones and Zeros

Coding or Signaling
Scheme

Either the encoding algorithm or the actual
signal used to represent binary data

Mark Signal level used to represent a binary One

Multilevel Binary
(MLB) Signal

Signal which uses more than two voltage
levels to represent binary data

Non-Return-To-Zero
(NRZ) Signal

Signal which does not return to a zero
level from a non-zero level during any
portion of the bit period. Sometimes called
NRZ-Level (NRZ-L) or NRZ-Change

Polar Signal Signal which has symmetrical excursions in
the plus and minus directions from ground

Return-To-Zero
(RZ) Signal

Signal which returns to a zero level from a
non-zero level for a portion of the bit
period, usually T^/2. Sometimes called RZ
level (RZ-L)

Space Signal level used to represent a binary zero

Split-Phase
(SP<t>) Signal

Signal which has a transition from a non­
zero level to the negative of the level in
the middle of the bit period

Unipolar Signal Signal which has excursions in only one
direction, either positive or negative,
from ground
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1.3 OUTLINE OF STUDY

The waveforms of the signals to be investigated are described

in Chapter 2. In Chapter 3 the properties of bandwidth utilization

and ease of magnetic tape recording (recordability) are studied.

The percentage of signal power transmitted in a bandwidth m/T, is
b

found for m = 0.5, 1, 2, and 3. Since magnetic tape recorders do

not have de response and their response to near-dc frequencies is

generally poor, the de power content and 5% power bandwidths for

the signals are also found. These values are used in conjunction

with the overall bandwidth information to rate the signals’ record­

ability. The theoretical basis for the method of determining signal

bandwidth is developed in Chapter 3, and the resulting computer pro­

gram is described in Appendix A. Displays of power-density spectra

and associated cumulative power are found in Appendix C.

The remaining signal properties, i.e., implementation complexity,

synchronization, noise margin, and error detection are examined in

Chapter 4. The implementation complexity is determined either by

designing a digital circuit or by examining systems which actually

use the signals. In this manner the minimum amount of digital logic

or analog circuit components is determined, and signals can be

compared in terms of relative complexity. The key to reliable syn­

chronization is regularly-spaced level transitions in the received

signal. Consequently, signal-generating schemes which guarantee

these transitions are most easily synchronized. The noise immunity

aspect is examined from the viewpoint of noise margin. The peak-to-

peak voltage, V . of each signal is constrained to be one volt.
PP
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Those signals which use large level transitions to indicate data

changes are shown to have the "best" noise margin, while others,

such as multilevel signals, are shown to suffer a noise penalty.

The ability to detect errors at the receiver is based upon the

received signal having some correlation between signal levels in

the encoded data. It suffices, then to determine the amount of

such correlation in each signal.



CHAPTER 2

CHARACTERIZATION OF THE BASEBAND SIGNALS

The signaling schemes studied are classified either as binary

or multilevel according to the number of decision regions, i.e.,

two for binary, more for multilevel. Furthermore, binary signals

are categorized according to how the signal varies during a bit

interval, i.e., RZ, NRZ, or SP<|> signaling, while multilevel signals

are categorized according to the number of information bits per

decision, i.e., one for multilevel binary (MLB) and several for

group-coded binary (GCB).

The reasons for the development of so many different types of

signals stem from both the theoretical and practical aspects of

data communications. In all data communication systems a primary

practical consideration is synchronization of the received data.

The RZ signal class was developed with synchronization in mind.

Such signals were designed to insure that regularly spaced level

transitions occur, allowing differentiated versions of the waveforms

to be used to provide synchronization as shown in Fig. 2-1. Since

the pulse width for RZ signals is half that of NRZ signals, these

signals require approximately twice the bandwidth of NRZ signals.

The SP<j>-class was developed to eliminate the need for de response,

as well as providing for ease of synchronization.

7
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(a) Polar RZ Signal

Fig. 2-1 Method of Obtaining Synchronization
Information from Polar RZ Signals.

Multilevel signals are of practical importance because their

use can increase the data rate in bits per second (bps) for a given

bandwidth as compared to an NRZ signal using the same baud interval.

Another feature of some multilevel signals is the correlation between

adjacent levels which provides a means for detecting one or more

errors. This aspect will be discussed more fully in Chapter 4.

2.1 SIGNAL SPECTRA CLASSIFICATION

There are basically four types of signal spectra associated

with the signals under consideration. These are sketched in Fig.

2-2 assuming that the transmission rate in bps is the same for
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each class, and that Ones and Zeros are equally likely. As shown,

the RZ and SP<f> spectra are spread with respect to the NRZ spectrum.

Typically, multilevel signals require less bandwidth to achieve a

desired bit rate.

Many of the power-density expressions for the various signals

contain common terms which are defined here for convenience. The

probabilities of Ones and Zeros in the data sequence are defined

to be "p" and "l-p", respectively. The Fourier transform of the

pulse shown in Fig. 2-3 is given by

sin (ttT f)
[g(t)] = G(f) » Tb /-■ , (2.1)

b
or

G(f) = T, sinc(T, f) , (2.2)
b b

where

z x A sin(irx)sinc(x) = ------------- . (2.3)irx

Since this transform relation is found in so many of the power­

density spectra expressions, it will be denoted by P(f), i.e.,

P(f) = T, sinc(T f) .
b b

(2.4)

expression for the power-densityBennett [2] has derived a general

spectrum of a binary signal which

expression is

T,

and a second waveform g^(t) for a Zero. The

uses one waveform g^(t) for a One

S(f) . P<1 - p) I
b

2 1
G1(f) - G0(f) r + -77

Tb
P61(f)

m=-«>

+ (1 - p)G0(f)|" 6(f - m/T^) (2.5)
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The spectrum for each of the signals described in the following

sections describing NRZ, RZ and SP<f> signals is obtained by making

the proper substitutions for G^(f) and Gg(f) in (2.5).

Fig. 2-3. Pulse Function.

2.2 BINARY NRZ SIGNALS

This class of binary signals is characterized by the fact that

the Mark and Space signal levels exist for the entire bit period.

An NRZ signal can be classified either as unipolar or polar. Further­

more, the presence or absence of a transition between levels, rather

than the value of the level, can be used to indicate a One (or a

Zero). The NRZ signals are commonly employed and standards for their

use have been documented by the Inter-Range Instrumentation Group,

TRIG [3].

2.2.1 Unipolar NRZ

The unipolar NRZ signal is perhaps the simplest and best known

of all the binary signals. It is also referred to sometimes as uni­

polar NRZ-L or NRZ-change. If the bit to be encoded is a One, the
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Mark level is equal to one volt, whereas a Zero bit is encoded using

a Space level of zero volts. A typical unipolar NRZ signal is shown

in Fig. 2-4. The seven-bit sequence of Ones and Zeros is a pseudo-noise

(PN) sequence which is described in Section 3.2. The spectral envelope

of unipolar NRZ is shown in Fig. 2-2, and is described mathematically

by replacing G^(f) by P(f) and G^Cf) by 0 in (2.5), i.e.,

Su(f) = |P(f) | 2 + P26(f) . (2.6)

Fig. 2-4. Unipolar NRZ Signal.

2.2.2 Polar NRZ

This signal is the polar, or two-sided, version of unipolar NRZ.

Equal magnitude, opposite polarity pulses of width are used to

represent Ones and Zeros respectively. A typical polar NRZ waveform

is shown in Fig. 2-5. Since V is constrained to be one volt for
PP

all of the signals the spectrum for this scheme is given by (2.5)

with G1(f) = -G (f) = O.5P(f), or

Sp(f) = P(1T~-^- |P(f)|2 + [(2p2~ ~]2 «(f) • (2.7)
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Fig. 2-5. Polar NRZ Signal.

The shape of the spectrum is essentially the same as that of unipolar

NRZ. Consequently, only the polar version of those signals where both

versions exist will be discussed in the remainder of this chapter.

Subtle differences between the two versions of the same signal will be

discussed more fully in Appendix B.

2.2.3 NRZ-Mark (NRZ-M)

A level transition occurs at the beginning of every bit period

whenever a One is encoded, and no transition occurs when a Zero is

encountered. The NRZ-M signal exists in both unipolar and polar

forms, and an encoded polar version is shown in Fig. 2-6. The

advantage of NRZ-M lies in the fact that if p >> 1 - p then a large

number of level transitions occur, making the signal easy to syn­

chronize. The spectrum for unipolar NRZ-M is given by (2.6) and

for polar NRZ-M by (2.7).

2.2.4 NRZ-Space (NRZ-S)

The NRZ-S code is similar to NRZ-M and also exists in both

unipolar and polar form; however, waveform transitions correspond



14

to Zeros instead of Ones. The signal spectrum is the same as NRZ-M

as can be seen by observing that if an NRZ-M waveform is generated

from a bit sequence and the complement of the same sequence is used

to generate NRZ-S, the two waveforms will be identical. A typical

NRZ-S waveform is shown in Fig. 2-7. The NRZ-S technique can be

used to advantage when p << 1 - p.

Fig. 2-7. Polar NRZ-S Signal.
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2.3 BINARY RZ SIGNALS

Binary RZ signals differ from binary NRZ signals in that the

signal level returns to zero from its nonzero level for some por­

tion of a bit period.

2.3.1 Unipolar and Polar RZ

The encoding algorithm for this technique is the same as for

unipolar and polar NRZ except that the signal level is zero volts

during the last half of each bit period, which is the TRIG standard

[4]. Since the primary reason for the use of this code is to make

synchronization easier, the unipolar version of the code is seldom

used, as it does not provide regularly spaced level transitions.

The polar version of the code is illustrated in Fig. 2-8.

Fig. 2-8. Polar RZ Signal.

The spectra for unipolar and polar RZ are given by (2.8) and

(2.9) respectively, where primes indicate that m = 0 is not included 

in the summations.
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Su(f) = P(4T P) lp<f/2>|2 + <2)2 6(f)

(2.8)

= |p(f/2)|2 + [^2_L

(2.9)6(f

The spectral envelope, as shown in Fig. 2-2, has nulls at even mul-

spectrum is spread with respect to the binary

NRZ signals, thus RZ signals require essentially twice the bandwidth

of NRZ signals for a given data rate.

Sp(f) —]2 6(f)

- »/Tb) .

m=-°°
m odd

tiples of 1/T, . The
b

r (2P ~
L 2rr

_1_
2

m=-°° m
m odd

^6(f - m/T )
Z Dm

1)

2.3.2 Return to Bias (RB)

The RB code employs one voltage level to represent a One and

half of this voltage to represent a Zero [5]. The signal level is

zero volts during the last half of each bit interval. Since this

is the case, RB signals possess good synchronization characteristics

but suffer a noise penalty due to the decreased spacing between the

One and Zero signal levels. A typical RB signal is shoxm in Fig.

2-9. The spectrum can be obtained from (2.5), namely

S(f) = P(| ■■ |P(f/2) |2 + [(P * X)]2 6(f)
lol- 4

D

+ [•

m odd

(P. til]2
2tt j

^2 6(f - m/Tb)
m

(2.10)
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Fig. 2-9. RB Signal.

2.3.3 Pulse Duration Modulation (PDM)

For PDM signals [6] a binary One is represented by a pulse of

duration 0.75 T, , while a Zero is represented by a pulse of duration
b

0.25 T^. The spectrum obtained from (2.5) is

—

S(f) = |P(f/2) I2 * + [-2p4+-1]2 6(f) + 1^23 sinc2<m/4)
b m=-°°

2 ~ 2 ~ 2'[2p cos (mir/4) + cos (3mir/4) ] + sin (3mir/4) 6(f m/Tb)

(2.11)

A typical PDM waveform is shown in Fig. 2-10. It is noted that a level

transition occurs at the beginning of every bit period, thus lending to

ease of synchronization.

2.3.4 Pulse Position Modulation (PPM)

PPM signals [7] represent a binary One by a pulse of width T^/4

which is generated with the leading edge at the middle of the bit

period, whereas a binary Zero is represented by a pulse of width T^/4

with the leading edge occurring at the beginning of the bit period.
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Fig. 2-10. PDM Signal.

It is noted that if the pulse widths were T^/2 rather than 1^/4,

the PPM signal would be a SP<f> signal with a de offset. The spectrum

found for this signal does in fact resemble that of the SP<j> signals,

and is obtained from (2.5) as

S(f) = p(l-T~ p) |P(f/4) |2 sin2(irfT /2) + 7^ 6(f)
41, ' b lo

b
(2.12)

+ —1— |p(f/4) | 2 1 + 4p(p - 1) sin2(irfTb/2)

16T 2 L
b

The signal requires more bandwidth than the aforementioned RZ signals

due to the narrow pulse widths. Level transitions, though not regu­

larly spaced, do occur in each bit interval, making this signal rela­

tively easy to synchronize. A typical PPM signal is shown in Fig.

m/Tb) .

2-11.

2.4 SPLIT-PHASE (SP<|>) SIGNALS

This class of signals basically uses a two-state waveform to

represent a One and the negative or 180° phase-shifted version of 

the same waveform for a Zero.
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Fig. 2-11. PPM Signal.

2.4.1 Biphase (BI<£>)

There are three basic types of BI<|> signals [8], which are also

referred to as split-phase or Manchester 11 + 180°; namely, biphase-

Level (BI<f>—L) , biphase-Mark (BI<f>-M) , and biphase-Space (BI<J>-S).

These signals are the split-phase counterparts of NRZ-L, NRZ-M, and

NRZ-S, respectively.

BI<|>-L is the basic biphase signal. In its usual form it utilizes

one cycle of a rectangular signal to represent a One and the negative

of the signal to represent a Zero. Other waveforms, such as sines and

cosines, can also be used. The BI<f>-L signal is a baseband form of

phase-shift-keying (PSK) . The power-density spectrum for BI<|>-L is

S(f) = P(1T' -P-2- |p(f/2) |2 sin2(TrfTb/2)

1_
2mm=-°°

m odd

6(f - m/Tb) . (2.13)

The spectrum has nulls at m/T, , where m is an even integer including
b

zero. The envelope of the BI<j>-L spectrum is shown in Fig. 2-2, and 

a typical waveform is shown in Fig. 2-12.
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Fig. 2-12. BI<(>-L Signal.

The signal, which is shown in Fig. 2-13, is characterized

by a signal-level transition at the beginning of every bit period,

regardless of the data bit. Furthermore, if the bit is a One, a

second transition occurs in the middle of the bit period, whereas no

such transition occurs for Zeros. The spectrum of BI<j>-M is the same

as BI<f>-L.

Fig. 2-13. BI<f>-M Signal.

The BI<f>-S signal is similar to the BI<f>-M, except that the second

transition results from Zeros in the data sequence rather than Ones.
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Again the spectrum is the same as BI<J>-L A S signal is shown in

Fig. 2-14.

Fig. 2-14. BI<f>— S Signal.

2.4.2 Delay Modulation (DM)

This signal, which is sometimes referred to as the Miller code,

is classified as a SP<j> signal due to its similarity to BI(j>-M. A One

is represented by a signal transition in the middle of the bit inter­

val, whereas a Zero is indicated by the absence of a transition. If

a Zero is followed by a second Zero, a transition occurs at the end

of the bit period of the first Zero, etc. The encoder must therefore

store the previous data bit. The power density spectrum [9] for this

code, assuming p = 1/2, is given by

S(f) = --------- ------------ ±------------------------
2(iTf) T, [17 + 8 cos(irfT )]

b b

23 - 2 cos(rfT ) - 22 cos(2irfT, )
b b

- 12 cos(3irfT^) + 5 cos(4irfT^) + 12 cos(5irfT^)

+ 2 cos(6irfT, ) - 8 cos(7nfT, ) + 2 cos(8irfT )
b d D

(2.14)
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The spectrum is shown in Appendix C. A typical DM waveform is shown

in Fig. 2-15.

Fig. 2-15. DM Sign's!.

2.5 MULTILEVEL SIGNALS

The multilevel class is divided into two categories, multilevel

binary (MLB) and group-coded binary (GCB). The MLB technique uses

more than one signal level to represent a One and/or a Zero. The

GCB technique encodes a group of n digits into one of 2n possible

waveforms.

2.5.1 Group-Coded Binary (GCB)

One of the simplest types of GCB codes is the quaternary [10]

pulse-amplitude modulation (PAM) code. This scheme encodes groups

of two bits into one of four distinct signal levels as shown in

Fig. 2-16. The principle of the quaternary PAM scheme can be

extended to assignment of four unique phase shifts or four unique

frequencies. The former is called quaternary PSK (phase-shift

keying) and the latter quaternary FSK (frequency-shift keying).

If the basic signaling interval T for the GCB signal is equal to
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g(t)

1.0 -

0.66-

11 10 1 01 1 00 | 01
1 1
' 1
' 1

10 1 01

0.33- -

1 1
________ 1 1________

Ts

Fig. 2-16. Quaternary PAM Signal.

the bit time for the binary schemes, then GCB conveys twice as

much information per interval as the binary scheme with no increase

in bandwidth. The increased information rate is, however, achieved

at the cost of a poorer error performance. This aspect, which is

true in general for all multilevel schemes, will be discussed in

more detail in Chapter 4. The remaining multilevel signaling tech­

niques are all considered to be MLB, in that one information bit

is conveyed in each baud interval.

2.5.2 Bipolar (BP)

Bipolar signaling uses a Space level of zero volts while the

Mark level alternates between ±1/2 volt. The signal encoder must

therefore possess sufficient memory to know which level was used for

the previous Mark. Since there is a correlation between the previous

and present Mark levels, bipolar signals provide an error detection

capability. The bipolar NRZ spectrum [11] is given by

9 9
4p(l - p)(1/T ) |p(f) | sin (irfT )

S(f) = -------------------------5-----------------------------------°. (2.15)
1 + (2p - 1) + 2(2p - 1) cos(2irfTb)
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The spectrum for bipolar RZ can be obtained from (2.15) by replacing

by Tfc/2 in the expression for P(f). The power-density spectra for

bipolar NRZ and RZ are shown in Appendix C. A typical bipolar NRZ

signal is shown in Fig. 2-17.

Fig. 2-17. Bipolar NRZ Signal.

2.5.3 Dicode (DI)

The dicode signal, which is also referred to as Meacham's

twinned binary [12], exists in both NRZ and RZ forms and uses polar

transitions to indicate changes in the data sequence. The encoding

algorithm is as follows: (1) If the present bit to be encoded is

the same as the previous bit the transmitted signal level is, or

remains at, zero volts for the bit interval. (2) If the two bits

are different, the level opposite in polarity to the last nonzero

level is transmitted. The predicted spectrum for the signal is

S(f) = ■4-P(1t-~ P) |P(f)|2 sin2(TrfTb) , (2.16)

and is identical to bipolar NRZ for p = 1/2. The spectrum for dicode
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RZ is found by replacing T, by T, /2 in P(f).
D D

A typical dicode NRZ

signal is shown in Fig. 2-18.

0.5

-0.5

g(t)

Fig. 2-18. Dicode NRZ Signal.

2.5.4 Duobinary (DB)

The duobinary technique [13] is another example of correlative­

level coding, i.e., correlation exists between the previous and present

signal levels. It therefore indicates the presence of an error when­

ever a signal level is detected which cannot follow the previously

detected level. The duobinary code employs three signal levels; the

middle one indicates a binary One, the other two are used for binary

Zero. The signal is generated as shown in Fig. 2-19. The spectrum

of duobinary, assuming p = 1/2, is given by

S(f) = 8F~ [1 + COs(27rfTb)] lP(f)|2 » (2.17)
b

and is shown in Fig. 2-2. One of the outstanding features of the

duobinary technique is its inherent bandwidth compression. Duo­

binary achieves the same information rate as binary NRZ, but only

requires half the bandwidth.
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(a) Encoder for Duobinary

(b) Waveform at Point [A] (Binary Signal)

gR(t)
D

(c) Waveform at Point [B]

(e) Waveform at Point [D] (Duobinary Signal)

Fig. 2-19. Generation of Duobinary Signals.
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2.5.5 Pair Selected Ternary (PST)

The PST technique uses two of three possible signal levels to

encode bit pairs. The encoding algorithm [14] is shown in Table 2.1,

ENCODING ALGORITHM FOR PST

*Mode is changed after every 01 or 10 pair

TABLE 2.1

BIT
PAIRS

MODE 1*
SIGNAL LEVELS

MODE 2*
SIGNAL LEVELS

00- - + - +

01 0 + 0 -

10 + 0 - 0

11 + - + -

and a typical PST signal is shown in Fig. 2-20. The expression for

the spectrum of PST is

S(f) = |P(f) |2 [1 - cos(27rfTb)]
b

2
(3 - Ilk + 10k ) + (1 - 2k) cos(2irfT, )

__________________________________________________ b
2 2(1 - 4k) [1 - cos (2irfT )] + 4k

b
CO

+ 14~ 4k- |P(f) 12 6(f - -2m2^-1) , (2.18)

b m=-°°

where k = p(l - p).

2.5.6 Time Polarity Control (TPC)

For this technique bit periods are assigned alternating values

of plus and minus one. The TPC signal is generated by multiplying

a unipolar NRZ encoded version of the data by the alternating plus

and minus one values as shown in Fig. 2-21. The spectrum [15] for

this signal is
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S(f) =

|P(f ) (2.19)

The continuous identical to binary NRZ.of the ispart spectrum

Signal.PST

0.5

-0.5 —

2D
4Tb2

|2 [f - (2m - l)/2Tb] .

m=-eo

P(1T- lp(f)l2
b

g(t)

Fig. 2-20.

Fig. 2-21.. TPC Signal.

2.5.7 Biternary (BT)

This is essentially a time-division multiplex technique [16]

which is generated by summing two different polar NRZ signals, one 
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of which has been delayed by T^/2. The technique is shown in Fig.

2-22. The information rate is doubled without a corresponding

increase in bandwidth. This technique also produces a correlative

level signal, hence it possesses an error detection capability. No

expression for the biternary spectrum was found, but the spectrum

obtained from the computer analysis is shown in Appendix C.

2.6 SUMMARY

There are many baseband signaling techniques of practical inter­

est. Some yield high information rates, at the cost of a decreased

noise margin. Others are easily synchronized, while still others

have spectra which make them useful for tape recording, etc. There

are always tradeoffs involved when choosing one signal over another.

One of the quantities which can be involved in such a tradeoff is

signal bandwidth. Bandwidth requirements and recordability considera­

tions are discussed in Chapter 3
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(b) Second Polar NRZ Signal Delayed by T^/2

(c) Bitemary Signal

Fig- 2-22. Generation of Bitemary Signals.



CHAPTER 3

SIGNAL BANDWIDTH CONSIDERATIONS

The purpose of this chapter is to develop an algorithm for

determining the bandwidth of baseband signals. A computer program

is devised which calculates the cumulative power as a function of

bandwidth. The need for low-frequency response in a channel is

ascertained by calculating the signal bandwidth required to pass

5% of the power. The total channel bandwidth requirements for each

signal are compared by inspection of the power contained in band­

widths which are multiples of the bit rate. For recording on mag­

netic tape it is desirable that a signal have both 5%-bandwidth

and total power at 1/T^ which are large relative to the other

signals.

3.1 POWER SIGNALS

Both periodic and random signals are classified as being power

signals [17]. The power of a periodic signal g^(t) is given by

T /2
1 f ° 2

Pp ‘ T- J Sp (O de , (3.1)
° -T /2

o

where T is the signal period.o

signal is obtained by expanding

series (EFS) as given by

The frequency spectrum for a periodic

g (t) in an exponential Fourier

31
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g„ (t).V" G(nf ) e^'-V ,

p X—°
n=-<»

where f = 1/T ando o

G(nfo)

T /2
• °1_

T
° -T /2

o

-i27rnf t ,g (t) e J o dt .

(3.2)

(3.3)

Since G(nfo)| = |G(-nfQ)|, g (t) can be expressed alternatively as

g (t) = G(0) + 22 2i^o)i
n=l

cos(2irnf t + 0 ) .o n (3.4)

Consequently, the power in a periodic signal is given by
oo

P = |G(0)|2 + 2 ) |G(nf )|2 ,

n=l
(3.5)

which is one form of Parseval’s theorem.

The power in a random signal g (t) is defined as 

the mean-square value as T ■> i.e.,

P =r
Lim

T co
2

gr (t) dt

the limit of

(3.6)

Since it is not possible to write a deterministic expression for 

gr(t), an alternate approach must be utilized to determine the power.

The power can be obtained by first using statistical techniques to 

determine the autocorrelation function [18], i.e.,
CO oo

Eg<ta’tb) ' f J Sa«b • (3'7)

— OO —co

where p(g ,g ;t ,t ) is the joint probability density function ofa d a d

random variables g& and g^ which are specified at times t& and t^

respectively. Subject to certain statistical assumptions, it is
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also possible to find the autocorrelation function by examining

a T-second segment of the random x-zaveform

Rg(t) Lim
T -> oo gr(x)

gr(t), i.e.,

gr(x + t) dx (3.8)

x^here t corresponds to t, - t in (3.7).b a Once the autocorrelation

function has been determined, the total pox-zer is simply obtained by 

the relation

P =R(t)| , (3.9)
S 11=0

and the pox^zer density spectrum S (f) by the relation
g

00

S (f) = J R (t) cos(2zrft) dt , (3.10)
g J g

—co

x<zhich is knoxm as the Weiner-Khintchine theorem. Consequently, the

bandx,zidth B required to pass any fraction F of the pox^er can be

obtained by integrating S (f) such that
g

B

2 f S (f) df = F-P . (3.11)
J g r
0

Unfortunately, it is not a simple matter to find R (t) for many
g

signals. For such cases it becomes necessary to find an alternative

method for calculating bandx-zidth. The alternative approach used in

this study employs the properties of pseudo-noise (PN) data sequences

and the EFS.

3.2 PN DATA SEQUENCES

PN Sequences [19] are sequences of pseudo-random data bits.

They are not truly random in that there is a definite time period, 
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or sequence length, L. In communication applications an odd

sequence of length L = 2n - 1 is generated using an n-stage shift

register with appropriate feedback. A shift register configuration

for generating a seven bit PN sequence is shown in Fig. 3-l(a).

Initially the register is loaded with any combination of Ones and

Zeros, other than all Zeros. The register is then clocked and the

output is the desired PN sequence. For example, if the register

contains all Ones initially, the output is the sequence

{PN} = {1110010} , (3.12)

which is shown as a polar NRZ waveform in Fig. 3-l(b). Changing

the initial register contents results in a cyclic or end-around

shift of the sequence, since any three-bit combination, other than

all Zeros, is included in (3.12).

The three basic properties [20] exhibited by PN sequences are

as follows: (1) In each period of the sequence the number of Ones

exceeds the number of Zeros by one, i.e., p ~ 1 - p = 0.5. (2) In

the "runs" of Ones and Zeros in each period, one-half of the runs

are of length one, one-fourth are of length two, one-eighth are of

length three, etc., as long as such fractions have meaning in terms

of run length. (3) When a PN sequence is compared bit by bit over

an entire period with any of its cyclic shifts, the number of agree­

ments and the number of disagreements differ by one. Random binary

sequences are defined by properties similar to those for PN sequences.

In fact, the longer the PN sequence length, the more difficult it

becomes to distinguish between the two types of sequences, although

PN sequences are always periodic.
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(a) Three-staee PN Sequence Generator

(c) PN Seauence Autocorrelation Function

Fig. 3-1. PN Sequence Characteristics.
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The power-density expression for a PN sequence can be obtained

from Property (3). The autocorrelation R (t) of a PN sequence [21]pn

is shown in Fig. 3-1 (c) and is given by

Epn(t) -Htv2- <3-13’

where t = NT^, N = 0, 1, 2,..., L, A is the number of agreements between

the sequence and a t-second shift of itself, and D is the corresponding

number of disagreements. When t = 0 or LT^, A = L and D = 0. The

power-density expression of a random signal is given by (3.10), and

for PN sequences the power density expression is obtained by taking the

Fourier transform of the correlation function, which yields

s (f)= [^]26(f)+ v (L9+-1-)- F sinc2(fT ) 6(f - n/LT ) . (3.14)
pn L T z D D

J-J
n=-co

Since R (t) is periodic, it follows that S^n(f) is a line spectrum.
2

The coefficient (L + 1)/L is roughly equal to 1/L for large L; con­

sequently, adding one stage to the PN sequence generator essentially

doubles the sequence length and the number of spectral components,

halves the component amplitudes, but does not affect the shape of

the spectrum. An illustration of this effect is shown in Fig. 3-2

for PN sequences of length 7 (n = 3) and 15 (n = 4). The de power
2

is proportional to 1/L and vanishes as L ■* °°.

If PN sequences are used to generate binary data which is then

encoded using one of the encoding schemes described in Chapter 2,

then as L + °° the data becomes truly random. Since the resulting

signals are always periodic, Tq = LT^, the power is still given by

(3.5). Hence, it follows that the envelope of the magnitude-squared
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(b) Power Density Spectrum for 15 Bit Sequence

Fig. 3-2. Effect of Sequence Length on Power Density Spectrum.
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EFS components must be approximately proportional to the power

density spectrum of the random binary signal. Equation (3.5) can

thus be used to obtain percent power vs. frequency relations for the

signals, where G(nf^) is obtained by taking the EFS of the encoded

PN sequence. The problem of specifying the sequence length L required

to achieve this equivalence is discussed in Section 3.3.5.

3.3 POWER COMPUTATION ALGORITHMS

The preceding concepts were used as the basis for the develop­

ment of two computer programs for calculating bandwidth. Both programs

are documented in Appendix A, and make use of a Signal Analysis Program

(SAP) [22] which is operational on the University of Alabama IBM Sys­

tem 360/50. SAP uses a Fast-Fourier-Transform (FFT) algorithm to

provide users a variety of operations including exponential Fourier

series and autocorrelation operations.

3.3.1 FSF Program

The FSF program, shown in block diagram form in Fig. 3-3,

consists of three segments, two written in Fortran IV and one in

SAP. The signal generator program is used to generate the desired

PN sequence of Ones and Zeros which are then encoded into the proper

form, e.g., polar NRZ, and sampled. The signal samples are used as

input to SAP which generates the EFS coefficients. These coefficients

in turn are used in the second Fortran program to calculate the cumu­

lative power as a function of frequency in accord with (3.5).



39

Fig. 3-3. FSF Program Configuration.

3.3.2 FSSF Program

The FSSF program was developed to serve as an independent

check of the results obtained from the FSF program. It was not used

extensively, as it required more computer time. The FSSF program,

which is shown in Fig. 3-4, involves finding the autocorrelation of

the PN sequence followed by an EFS operation to obtain the power

spectrum. Again, the signal generator program generates samples of

Fig. 3-4. FSSF Program Configuration.

signals encoded from appropriate length PN sequences. The first SAP

program finds the autocorrelation function of the samples. The second

SAP program generates the power spectrum by taking the EFS of R^n(t).
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The second Fortran program finds the percent of signal power vs.

frequency. Results were essentially equivalent to those of the

FSF program.

3. 3. 3 Power Spectrum Modifications

Typical baseband channels do not have de response. Consequently,

the de component should not be permitted to bias the bandwidth con­

siderations since as shown in Fig. 3-2 it typically is markedly dif­

ferent in amplitude from the fundamental component. However, it is

preserved in the EFS expansion and it was necessary to modify the

discrete power spectrum at de, as shown in Fig. 3-5, in order to make

the envelope continuous at de and proportional to that of a truly

random binary signal. In order to simulate this, the modification

Fig. 3-5. Interpolation at Zero Frequency.

to the power spectrum consisted of removing the de component of the

EFS and replacing it by the fundamental component. The total signal

power was then modified by the same process for the percent power vs.

bandwidth calculation. The effects of this operation are twofold: 

(1) The power density spectrum is more closely approximated since, 
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for long PN sequences, f = 1/LT ■* 0, and the difference betweeno b
2 2|G(fQ)|z and |G(0)| is negligible, and (2) the graph routine used

in the program output has more sensitivity when the de value is

large compared to G(fQ), since it scales the input according to its

maximum and minimum values.

A second modification was dictated by the replacement of G(0)

by G(fQ). The cumulative power algorithm, which is based upon (3.5),

yields some power at f = 0, whereas the desired result, based upon

(3.11), is zero for B = 0. In order to circumvent this problem,

the results obtained from the computer program were shifted in

frequency by an amount Af = and the power contained at zero

frequency was set equal to zero. This is justified by recognizing

that (3.5) approximates (3.11) in the manner of a first-order

numerical integration. The approach can be formulated as

N
|G(fo)j2 Af + 2^"* |G(nfQ)|2 Af

P(Nf + Af) = ---------------------------------------------------------- xl00% , (3.15)
o PT

where

Pt = P(Nf. + Af) ’ > 0.16)

and the bandwidth is now defined as Nf + Af ~ Nf for long sequences.o o

3.3.4 Algorithm Comparison

The results obtained from the FSF algorithm for a polar NRZ

encoded 127-bit PN sequence are shown in Fig. 3-6. These results

are seen to compare favorably with data taken from the theoretical

work of Batson [23]. The FSF and FSSF algorithms yielded solutions

which differed by less than 0.1%.



P(f)
(%)
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Fig. 3-6. Comparison of Theoretical and FSF Power Calculations.
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3.3.5 Effect of Sequence Length

PN sequences of length 15, 31, 63, and 127 were used to generate

pseudo-random polar NRZ signals using the FSF method. The resulting

power vs. frequency displays are shown in Fig. 3-7. The graph illus­

trates the fact that as longer sequences are used the differences

between the power vs. frequency calculations become negligible. Con­

sequently, it was decided that a 127 bit sequence would give sufficient

accuracy for comparison of the encoded signals. However, in some cases

it was found that, due to the odd sequence length, the encoded signals

were not periodic. In these cases the addition of a Zero to the PN

sequence was sufficient to insure periodicity while still maintaining

a degree of randomness.

3.4 BANDWIDTH COMPARISON

In order to allox^ meaningful comparison of the signaling schemes

the bandwidth required to pass 5% of the signal power was determined

for each signal. High frequency requirements were compared by deter­

mining the percent power transferred in bandwidths of m/T^, m = 0.5,

1, 2, and 3. The results are shown in Table 3.1. Some of the signals

have power entries of the form A/B. This notation is used to indicate

that the power density spectrum contains a discrete component at the

particular frequency of interest, e.g., 1/T^. Hence, the cumulative

power at both 1/T^ - e and 1/T^ + e are provided.

Although the results shown in the table are only for bandwidths 

which are certain multiples of the bit rate, Appendix C contains
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Fig. 3-7. Effect of Sequence Length on Cumulative Power.
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the power density spectrum and cumulative power curve for each signal.

These curves can be used to determine the bandwidth, B', required to

pass any desired percent of signal power for an arbitrary signaling

interval, T^’. It is well to remember when using either Table 3.1 or

the curves in Appendix C that the results shown are for p=l-ps0.5,

due to the nature of PN sequences.

Table 3.1 can be used to make several observations about the

signals. The binary NRZ signals all have the same bandwidth. Polar

NRZ signals are usually chosen because they minimize the de power

contribution.

In the binary RZ class there is a wide variety of signals to

choose from. The signal with the largest 5% bandwidth is PPM, which

unfortunately also has one of the lowest cumulative-power contents

at f = 3/T^. The polar RZ signal, which has the poorest 5% band­

width, makes the best use of available channel bandwidth. Polar

RZ also has excellent synchronization qualities and a good noise

margin. The significant differences between the polar and unipolar

RZ data are discussed in Appendix B, where it is shown that the

unipolar RZ spectrum contains discrete components at multiples of

1/T, , whereas the polar RZ signal spectrum does not. All RZ sig-
b

nals require roughly twice the bandwidth of NRZ signals.

The SP<J> class contains two basic signals which are currently

receiving much attention, namely BI<|> and DM. The BI<$> signals all

have the same bandwidths and have no de power; however, the cumu­

lative power at f = 3/T^ is not particularly large. In fact, it

can be seen that in a bandwidth of 1/T, the BId> signal contains
b
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only 70% of the power contained in an NRZ signal. The L

signal is a good choice in this class because of its excellent

synchronization qualities. DM signals, by contrast, have a smaller

5% bandwidth but require considerably less overall bandwidth than

BI<f> signals. The DM technique is thus a better all-around choice

from this class on a bandwidth basis, though the synchronization

qualities are not quite as good as L.

The MLB class offers several signals of special interest.

The duobinary technique, for example, has 95% of its power at the

1/T^ bandwidth while achieving the same bit rate as the other sig­

nals. The biternary signal has 95% of its power at the 2/T^ band­

width, while doubling the bit rate and providing good synchroniza­

tion qualities. (DM, BP/NRZ, and PST schemes can also achieve a

doubling of NRZ bit rate if the requirements on the amount of

signal power passed are lowered to 65-70%.) The MLB class contains

several signals which do not require near-dc response, but it is

evident that PPM and BI<$> signals exhibit the best performance in

this area. BP and DI signals have the same bandwidths, as predicted

for p=l-p=0.5.

3.5 SIGNAL RECORDABILITY

Table 3.1 can be used to obtain an estimate not only of

required system bandwidth, but also an estimate of the suitability

of each signal for recording on magnetic tape. The ideal signal

for recording would have all of its power concentrated within the

bandwidth of the recorder, as shown in Fig. 3-8. Since tape

recorders have no de response, signals with large de components or
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Fig. 3-8. Spectral Requirements for Good Recordability.

a large portion of power concentrated at near-dc are especially

unsuitable for recording. Similarly, signals with a large portion

of their power concentrated at very high frequencies are not good

candidates for recording, since the data rate must be kept rela­

tively low. The DM technique appears to be a best overall candidate

for recording purposes since it has a relatively wide 5% bandwidth

and a low overall bandwidth. BP (DI)/NRZ, PST and BI<$> signals are 

the next most likely candidates in that order.



CHAPTER 4

OTHER SIGNAL CONSIDERATIONS

The remainder of the baseband signal properties mentioned in

Chapter 1 are considered in this Chapter. These include implementa­

tion complexity, synchronization features, noise margin, and inherent

error detection capabilities of the signals.

4.1 IMPLEMENTATION COMPLEXITY

In considering signal implementation it is immediately obvious

that there are two basic signal types: (1) those which can be

implemented directly with combinational logic elements, and (2)

those that require components other than logic elements. The design

of signal generators or encoders for the first type is facilitated

by the use of Karnaugh mapping techniques [24]. Once encoders have

been designed, comparisons can be made on the basis of the type and

number of elements required. The comparisons can be used to deter­

mine the relative cost of implementation and to obtain a measure of

circuit reliability, since reliability is inversely proportional to

complexity. The procedure followed here is to obtain the encoder

circuits by either the use of Karnaugh maps or by researching actual

systems which use the signals and to tabulate the results according

to the elements used. The notation used in the tabulation is shown

in Table 4.1.

49
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TABLE 4.1

COMPONENT ABBREVIATIONS

ABBREVIATION MEANING

ANDn n-input "AND" gate

FF flip-flop

MULn n-input analog multiplier

ORn n-input "OR" gate

SUMn n-input analog summer

As an example of the Karnaugh mapping technique, the encoder

for NRZ-M signals is derived. The notation used in the derivation

is as follows:

C = Clock, I = Input (Data),

G = Output, PT = Previous Output Level.

The truth table for encoding NRZ-M and the resulting Karnaugh map

are shown in Fig. 4-1. The resulting minimum Boolean expression

is thus

G = P I + P I .
1-1 1-1

(4.1)

The combinational logic circuit implementation of (4.1) is shown in

Fig. 4-2, and is recognized as an exclusive "OR" circuit.

The aforementioned procedure was used, where applicable, to

obtain encoder circuits for the baseband signals. A literature

search was conducted to obtain circuit designs for those signals

for which mapping techniques did not apply. All circuit designs 

are documented in Appendix D, and were used as the basis for
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(a) Truth Table (b) Karnough Map

Truth Table and Karnaugh Map for Encoding NRZ-M.Fig. 4-1

Fig. 4-2. Implementation of NRZ-M.

compiling Table 4.2. In compiling the table it was assumed that the

data, in binary NRZ form, and the system clock were available to the

encoder. The clock does not appear in the component table unless a

special clock signal is required, e.g., the clock required by the PPM

encoder must have a frequency which is twice the bit rate, and this is

noted in the table as C„.
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TABLE 4.2

SIGNAL GENERATOR COMPONENTS

SIGNAL COMPONENTS

Polar, Unipolar NRZ-L

i

No Encoder Required

Polar, Unipolar

Polar, Unipolar

NRZ-M

NRZ-S

2

2

and2,
and2,

1

1
0R2,

or2,

1 FF

1 FF

Polar, Unipolar RZ 1 and2
RB 1 mul

PDM 3 and2, 1 0R3, C2
PPM 2 AND3, 1 or2, C2

BI<j>-L 2 AND2, 1 0R2
BI<|>-M 1 AND3, 2 and2, 1 0R3, 1 FF

BI<f>-S 1 and3, 2 and2, 1 0R3, 1 FF

DM 4 AND3, 1 0R3, 2 FF

BP/NRZ 2 and2, 1 FF

BP/RZ 3 and2, 1 FF

DI/NRZ 1 FF, 1 sum2
DI/RZ 1 and2, 1 FF, 1 sum2
DB 1 EXOR, 2 FF, 1 sum2
PST 6 and3, 3 and2, C2, 5 FF

TPC 2 and2, 1 FF

BT 1 FF, 1 SUM2

It can be seen from the table that PST signals require more

hardware to implement than any of the other signals, while polar

and unipolar RZ signals require the least amount. It is expected

then that PST encoders would not only cost more than any of the

others, but x^ould also be more prone to failure due to their com­

plexity .
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4.2 SYNCHRONIZATION CONSIDERATIONS

Synchronization of the incoming signal is one of the most

important functions of a digital communication system. There are

basically two methods of providing bit sync [25]. The first, and

most direct method, uses a separate channel for sending clock informa-

tion directly, whereas the second method is to derive timing informa­

tion directly from the incoming data signal. There are two drawbacks

to the first method. First, the data channel and the timing channels

must be multiplexed in some manner, either in time or frequency, which

increases system complexity and which can cause sufficient inter­

channel interference to degrade performance. Second, the power used

in the timing channel is power that could have been used to transmit

the data, if sync could be provided by other means, thereby improving

system performance. Furthermore, under certain conditions the second

method can outperform the first in terms of probability of losing

sync as a function of signal-to-noise ratio. The circuit configura­

tion used for determining sync information directly from the data

signal is shown in Fig. 4-3. The matched filter is matched to the

Fig. 4-3. Generalized Synchronization Configuration. 
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ensemble of possible received waveforms and is replaced by a band­

pass filter in many systems. The nonlinear element performs some

operation on the incoming data signal, such as squaring, differen­

tiation, etc., and the tracking filter is used to filter the output

of the nonlinear element to provide sync information. The tracking

filter, which typically is a phase-locked loop (PLL) , can be replaced

by a passive narrowband bandpass filter when the incoming signal is

free of jitter. The nonlinear element is sometimes omitted if the

incoming signal has a strong component at the bit rate and the

tracking filter is used to extract the sync information. This is

not often done, however, as the strength, and sometimes even the

existence, of that component depends on the data which is encoded.

For example, it is shown in Appendix B that the component at f =

1/Tfc vanishes for polar RZ signals when the number of Ones and Zeros

are equal over some signal time interval. Direct filtering fails

to provide reliable sync in this case. A PLL tends to maintain

the sync frequency even in the absence of regularily-spaced transi­

tions in the received signal over a short time interval. However,

if the signal transitions are not restored after several baud

intervals, the PLL will lose lock due to false transitions caused

by noise.

One commonly-used circuit for extracting sync information

consists of a differentiator followed by a full-wave rectifier

for the nonlinear element. This configuration detects the instants

of time where signal transitions occur, as discussed in Chapter 1.

The resulting signal is then applied to the tracking filter to

provide sync. The polar RZ signal, for example, provides transitions 
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spaced T^/2 apart no matter what data is encoded and thus provides

very reliable synchronization. The average number of transitions

per bit period and the maximum time between transitions are the

keys to this technique. Consequently, the rating of signals as to

ease of recovering sync information can be accomplished by deter­

mining the average number of transitions per bit interval and the

maximum time between transitions. The results are shown in Table

4.3 assuming equally likely Ones and Zeros.

The signals which guarantee one or more transitions in each bit

interval are in general the ones most easily synchronized. Thus polar

RZ. RB, PDM, PPM, and BI<|> signals are best from the standpoint of

synchronization, followed by DM and PST in that order.

4.3 NOISE MARGIN

In attempting to decode a received binary signal, e.g. unipolar

NRZ, the usual practice is to sample the signal and compare the

samples to a preset "slicing level", as shown in Fig. 4-4. The

slicing level is typically placed at the midpoint between adjacent

signal levels. Consequently, if the noise amplitude exceeds the

difference, D between the signal-sample amplitude and the threshold,m

an error can occur. This critical value of D , which is a function ofm

the number of allowable signal levels, m, is known as the noise margin.

The decoding procedure followed for multilevel signals is similar,

except that more slicing levels must be established. It follows then,

that increasing m while constraining the peak-to-peak signal voltage,

V , increases the number of errors. The situation is shown in Fig.
PP

4-5 for polar NRZ and quaternary signals. Doubling the number of
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LEVEL CHANGES PER SIGNALING INTERVAL (PERCENT)

TABLE 4.3

SIGNAL 7. LEVEL CHANGES
' MAXIMUM NUMBER OF

INTERVALS WITHOUT LEVEL CHANGE

Polar NRZ 50 Data Dependent

Unipolar RZ 50 Data Dependent

Polar RZ 100 0

RB 100 0

PDM 100 0

PPM 100 0

BI<]> 100 0

DM >50 1

BP/NRZ >50 Data Dependent

BP/RZ 50 Data Dependent

DI/NRZ 50 Data Dependent

DB 50 Data Dependent

PST >50 2

TPC >50 Data Dependent

BT >50 Data Dependent

levels reduces the noise margin by a factor of three. To restore the

original noise margin, V^ must be increased, i.e., a penalty must be

paid in the form of increased signal power. The noise penalty, NP,

is defined [26] as the increase in signal-to-noise ratio, SNR, required

for an m-level signal to have the same noise margin as a binary signal.

The SNR for single-sample detection is defined as

where

SNR = 20 log1Q (Dm/N) , (4.2)

Dm

V
___ E2___
2(m - 1) (4.3)
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Fig. 4-4. Decoding the Received Signal.

and N is the amplitude of the noise at the sampling instant. For 

binary signals, m = 2, the noise margin reduces to

D? = Vnn/2

2 pp (4.4)

The noise penalty is thus

NP = 20 log10(D2/N) - 20 log10(Dm/N)

- 20 lo810<D2/Dm) (4.5)
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slicing levels

Fig. 4-5. Effect of Increasing m on Slicing-Level Spacing.

or

NP = 20 log10(m - 1) . (4.6)

For the binary case (m = 2) the noise penalty is zero. The noise

penalty for m = 3 is 6dB, while for m = 4 it is approximately 9.4dB.

These figures represent the approximate amount by which signal power

must be increased in order to achieve the same error perfromance as

the binary signal. The noise penalty is only an approximate figure 

in the sense that it does not take into account the effects of 
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bandwidth and timing jitter. For example, binary NRZ and RZ signals

all have a noise penalty of OdB, but the RZ signal is much more

sensitive to timing jitter and uses more bandwidth than the NRZ

signal. Since all the multilevel binary (MLB) signals studied have

three levels (m = 3), the associated noise penalty is 6dB. The

binary retum-to-bias (RB) signal also has a 6dB noise penalty.

4.4 ERROR DETECTION

The ability of a code to provide information as to the occurrence

of an error in the detection process is the result of one of two

operations: (1) the addition of redundant information to the code,

and (2) encoding in such a manner that the resulting signal has certain

patterns which, when violated, indicate the presence of an error or

errors. The first method, which commonly is implemented by the addi­

tion of parity or check symbols to the data sequence, has the dis­

advantage that the information is reduced relative to the baud rate

by the addition of redundancy. The second method, and the only one

considered in this study, utilizes certain signal properties to

provide error detection instead of redundancy. The disadvantage

of this type of scheme is that the type and number of errors which

can be detected is limited, whereas an unlimited amount of redundancy

can be added to a data sequence, thereby providing any desired amount

of error detection and/or correction capabilities. The seven signaling

schemes that possess error detection capabilities are discussed in the

following sub-sections.
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4.4.1 Delay Modulation

For this scheme a One is indicated by a transition in the middle

of the bit interval, and a Zero by the absence of a transition. For

two successive Zeros, a transition occurs at the end of the bit period

of the first Zero. In the detection process, then, if like-polarity

signals levels are detected which persist for longer than one and one-

half bit intervals an error is indicated. Some, but not all, single

errors can thus be detected when DM signals are employed. This scheme

requires two samples per bit interval.

4.4.2 Bipolar

Since Zeros are represented by zero volt levels and Ones by

alternating plus and minus levels, it follows that the detection of

two nonzero levels of like polarity in succession indicates the pre­

sence of an error. In addition, if a One is detected as a Zero, the

next One detected will be of the wrong polarity. Bipolar signals

thus have the built-in capability of indicating all single errors,

all odd errors, and those even error combinations which violate the

encoding rules.

4.4.3 Dicode

In the dicode scheme transitions in the data sequence cause

signal level transitions while strings of Ones or Zeros cause the

signal level to be zero volts after the initial transition. The

detection of two successive positive (or negative) levels, with or

without intervening zero voltage levels, indicates the presence of a

single error. In general, dicode signals are capable of indicating 

all odd, and some even, numbers of errors.
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4.4.4 Duobinary

The method of encoding duobinary signals [27] dictates that the

following properties must hold: (1) Ones are always represented by

the middle signal level. (2) Zeros are represented by either the

upper or lower level depending on the number of Ones between Zeros.

The signal level for a Zero is the same as for the previous Zero if

the number of intervening Ones is even, but changes to the other level

if the number of intervening Ones is odd. (3) A signal level transi­

tion from one extreme level to the other is not possible. Duobinary

signals thus indicate all odd numbers of errors, and those even

numbers of errors which violate the encoding rules.

4.4.5 Pair Selected Ternary

Pair selected ternary codes have four basic properties [28]

which contribute to their error detecting capabilities, and which

result from the mode changes in their encoders as discussed in

Section 2.5.5. (1) The digital sum of PST signals, which is defined

to be the cumulative sum of the signal levels in succeeding bit

intervals, can assume only one of four values, namely, -1, 0, 0.5,

and 1. When an error occurs the sum is offset by one value and,

unless a compensating error occurs, one of the two extreme values

is eventually exceeded. This is called the "maximum excursion"

property. (2) The digital sum of PST signals cannot assume either

of the two extreme values for more than one bit period. If an

error occurs this property, called the "transition" property, is

eventually violated. (3) The digital sum at the end of an in­

frame pair of bit intervals can assume only one of two values, 0 
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and +0.5. If an error occurs this so-called "framing" property is

eventually violated. (4) The removal of all +- and -+ in-frame

pairs from PST signals yields a bipolar signal. Thus each single

error violates the properties of bipolar signals. This is known as

the "bipolar" property. PST signals thus indicate the presence of

all odd and some even numbers of errors.

4.4.6 Time Polarity Control

The time polarity control signals assign alternating plus and

minus values to the bit intervals. The detection of two signal

levels of like polarity in adjacent signaling intervals thus indicates

the presence of a single error; however, all single errors can not be

detected.

4.4.7 Biternary

Biternary signals indicate an error when extreme signal levels

of like sign are separated by an odd number of zero levels or when

extreme levels of opposite sign are separated by an even number of

zero levels [29]. Thus biternary signals are capable of indicating

all odd, and some even, numbers of errors.



CHAPTER 5

CONCLUSIONS

The purpose of this study has been to investigate several

properties associated with digital baseband signals. Computer

routines were developed to determine the bandwidth requirements of

the signals. In addition the implementation, noise margin, syn­

chronization and error detection aspects of each signal were

investigated.

It is difficult to choose one signal from those studied and

declare it the "best", since the areas of investigation cover such

a broad range of topics. For instance, a built-in error detection

capability may be the deciding factor in choosing one signal over

another in some applications, while the cost of the encoder may

be the dominant factor in another system. As a result, the data

presented must be interpreted in light of specific system require­

ments. It is possible, however, to choose several best signals from

each area of investigation. The signals which have the most power

contained in bandwidths of m/T^, m = 1/2, 1, 2, and 3 are listed in

Table 5.1. The percent power in a bandwidth of 1/T^ and the band­

width necessary to pass 5% of total signal power were used as the

basis for ranking the signals' recordability, as shown in Table

5.2. The ranking in these two tables of BP/NRZ applies equally

as well to DI/NRZ. The signals with the simplest implementations 
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are listed in Table 5.3, while the most easily synchronized signals

are shown in Table 5.4.

The MLB class and the return to bias signal were shown to suffer

a noise penalty of 6dB relative to binary signals. By contrast, MLB

signals, with the exception of time polarity control, are all capable

of indicating the existence of an isolated bit error.

BANDWIDTH UTILIZATION

TABLE 5.1

RANK B = 1/2T,
b

B - 1/Tb B = 2/T,
b

B = 3/T,
b

1 DB DB DB DB

2 TPC Polar NRZ Polar NRZ BT

3 Polar NRZ BT BT
PST Polar NRZ

4 DM PST DM
BP/NRZ PST

5 BT BP/NRZ TPC DM
BP/NRZ

RECORDABILITY

TABLE 5.2

RANK SIGNAL
5% BANDWIDTH

a 1/Tb)
% POWER
IN 1/T D

1 DM 21.2 85.2

2 BP/NRZ 16.1 85.5

3 PST 11.4 86.9

4 RB 28.0 80.4

5 BI| 32.3 64.6
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TABLE 5.3

COMPLEXITY OF IMPLEMENTATION

TABLE 5.4

RANK SIGNAL

1 NRZ-L

2 RZ

3 BI<j>-L

4 DI/NRZ, BT

5 BP/NRZ, TPC

SYNCHRONIZATION

RANK SIGNAL

1
ALL RZ

(except Unipolar)

2 BI<f>

3 DM

4 PST



APPENDIX A

BANDWIDTH UTILIZATION PROGRAMS

The flowcharts and coding algorithms for the FSF and FSSF

programs used to determine the bandwidth requirements are con­

tained in this appendix. The FSF program consists of three sub­

programs; namely, a signal generator algorithm written in Fortran

IV, an exponential Fourier series (EFS) algorithm written in SAP,

and a cumulative power algorithm written in Fortran IV. The FSSF

program uses the Weiner-Khintchine theorem approach to compute the

power. It employs the same signal generator and EFS algorithms as

FSF; however, an autocorrelation algorithm written in SAP is

inserted between the two. The cumulative power algorithm which

follows the EFS algorithm is written in Fortran IV and is similar

to the one used in the FSF program. Hence, it will be necessary

to describe four basic algorithms; namely, signal generator, EFS,

cumulative power, and autocorrelation.

The parameters used in both the FSF and FSSF programs are

listed alphabetically in Table A.l, and are accompanied by brief

explanations of their roles in the programs. The types of the

variables are indicated as Integer (INT), Floating Point (FPT),

and Logical (LOG). Arrays are indicated by type as Integer Array,

INT(A) , Floating Point Array, FPT(A), or Logical Array LOG(A).

66
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TABLE A.l

PROGRAM PARAMETERS

NAME TYPE USE

A FPT Scale factor for power calculation
AIMAG FPT (A) Stores imaginary EFS data

AMAG2 FPT(A) Stores magnitude-squared EFS data

AREAL FPT(A) Stores real EFS data

BITSEQ INT(A) Stores up to 127 data bits

BLANK INT Symbol for a blank space

DCOFF FPT DC offset

DOT INT Symbol for a dot or period

DUTYCY FPT Signal duty cycle in decimal form

ENDPOW FPT Desired final percent power

FEBACK LOG Feedback to first stage of PN generator

FEBAK1 LOG Used to compute FEBACK

FEBAK2 LOG Used to compute FEBACK

FI FPT Used to generate alternating Ones and Zeros

FNBIT FPT Number of data bits in FPT form

FN1 FPT Number of nonzero signaling intervals

FO FPT Fundamental signal frequency

FPRINT FPT Indicates desired form of printed output:
0 (graph), 1 (table), 2 (both)

FREQ FPT (A) Stores EFS frequency data

FSAMPL FPT Number of signal samples in FPT form

I INT "DO" loop variable

IBIT INT Used to fill BITSEQ array when generating all
Ones and Zeros

II INT Subscripting variable

III INT Subscripting variable

INIT INT (A) Stores initial state of PN generator register

TOUT INT Number of output data points printed

IPOWER INT Indicates method of finding total signal power

ISYM INT Symbol for the letter "I": used in constructing
the x axis by GRAPH1
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ITYPE INT Indicates type of data sequence desired: 1 (all
0's), 2 (all 1's), 3 (PN sequence), 4 (alternating
1's and 0's), 5 (user supplied)

JJ INT Subscripting variable

KL INT Subscripting variable

L INT Temporary storage of one position in Y array

LI INT Subscripting variable

LIA INT Used to determine location of "dashes" in LINE
array

LINE INT (A) Stores graph symbols

LPRINT INT Integer version of FPRINT

NBIT INT Number of bits in data sequence (< 127)

Nl, N2, N3, N4 INT Numbers of the shift register stages of PN
generator to be fed back

NN INT Subscripting variable

NOUT INT Number of EFS data points read from SAP Program

NPTS INT Number of output data points

NSABIT INT Number of signal samples per bit interval

NSAMPL INT Total number of signal samples (<_ 12,700)

NSAP INT Number of EFS data points generated by SAP

X FPT(A) Stores "x" values for graph routine

XZERO INT Subscript used to indicate the origin on the "x"
axis

Y FPT (A) Stores "y" values for graph routine

YMAX FPT Maximum entry in Y array

YMIN FPT Minimum entry in Y array

YSTP FPT Minimum interval between "y" values on graph

YZERO Subscript used to indicate the origin on the
"y" axis

PCTPOW FPT (A) Stores cumulative percent power

PLUS INT Symbol for a "+" sign

SAMBIT FPT Number of signal samples per bit interval in FPT
form

SDCPOW FPT DC power calculated from EFS data

STAR INT Symbol for an asterisk

TPOWER FPT Total signal power
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VPEAK FPT Peak signal voltage

WAVE FPT(A) Stores signal samples (£ 12,700)

X LOG(A) Array used to simulate PN sequence generator
shift register

A.l SIGNAL GENERATOR ALGORITHM

This algorithm consists of a main program and six sub-programs

called SIGNAL, PNSEQ, SPCL, SIGGEN, POWER, AND TP, and is used in both

the FSF and FSSF programs. The flowchart for the algorithm is shown

in Fig. A-l.

Fig. A-l. Flowchart for Signal Generator Algorithm.
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A.1.1 Main Program

The main program serves to provide descriptive terms such

as the peak signal voltage, type and length of the data sequence,

etc. The main program listing shown in Fig. A-2 was used to

encode a BI<j>-M signal from a 127 bit PN sequence.

C
C BI-PHASE-MARK TYPE SIGNALING
C

INTEGER BITSEQ(127),INIT(IO)
COMMON NBIT,NSAMPL,BITSEQ,WAVE(12700) ,FN1,TPOWER
NBIT=127
NSAMPL=12700
IPOWER=2
VPEAK=.5
DUTYCY=1.0
DCOFF=0.0
ITYPE=3
FPRINT=0

C
C INITIALIZE THE CONTENTS OF ARRAY INIT FOR INPUT
C INTO THE P-N SEQUENCE GENERATOR SHIFT REGISTER.
C

DO 1 1=1,10
1 INIT(I)=1

ENDPOW=96.5
FSAMPL=NSAMPL
CALL SIGNAL (ITYPE, IPOWER, INIT,VPEAK, DUTYCY, DCOFF, ENDPOW, FPRINT)
STOP
END

Fig. A-2. Signal Generator MAIN Program Listing.

A.1.2 Subroutine SIGNAL

This subroutine acts as a control program for the signal

generator program. It accepts the parameters defined in the main

program and calls the subroutines necessary to generate the required

type and length of data sequence. Then it calls subroutine SIGGEN

which generates the signal from the data sequence. After the signal

has been generated subroutine POWER is called to calculate the power 
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content of the wave. The program flowchart is shown in Fig. A-3,

and the program listing is shown in Fig. A-4.

A.1.3 Subroutine PNSEQ

This subroutine generates the desired length PN sequences.

The routine simulates an n-stage shift register, n _< 10, with the

feedback algorithm [30] determined from the required length,

L = 2n - 1, of the PN sequence. The simulated shift register is

loaded initially with the contents of array INIT which the user loads

with any desired combination of Ones and Zeros other than all Zeros.

A DO-loop supplies the clock for the generator. For the sake of pro­

gramming convenience the PN sequence is taken from the first position

of logical array X rather then the last. The flowchart is shown in

Fig. A-5. The program listing is shown in Fig. A-6.

A.1.4 Subroutine SPCL

SPCL is a user supplied subroutine which can be used to generate

any desired data sequence. A listing of SPCL is shown in Fig. A-7,

and shows the statements that must be included in the routine as well

as where the user supplied portion is inserted.

A. 1.5 Subroutine SIGGEN

This is a user supplied subroutine which accepts the data

sequence and encodes it into the desired signal. It can also

perform another operation, which at the user's option can be used

in calculating the power contained in the encoded waveform. In many

common types of signaling techniques one of two equations can be used

to give the power contained in the signal. These are derived in
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Fig. A-3. Subroutine SIGNAL Flowchart.
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SUBROUTINE SIGNAL!I TYPE,I POWER,INIT,VPEAK,DUTYCY,
1DCOFF,ENDPOW,FPR I NT)

C
C THIS SUBROUTINE -IS THE CONTROL PROGRAM FOR
C THE SET OF ROUTINES WHICH ARE PART OF THE
C FORTRAN PRE-PROCESSING SEGMENT OF AN F-SAP-F
C PROGRAM,AND WHICH GENERATES A SET OF SIGNAL
C SAMPLES WHICH ARE USED AS INPUTS TO SAP.THE
C SIGNAL SAMPLES ARE GENERATED ACCORDING TO A
C USER SPECIFIED RULE.
C

INTEGER BITSEQ!127),INIT<10)
COMMON NBIT,NSAMPL,BITSEQ,WAVE{12700) ,FN1,TPOWER

C
C TEST TO SEE WHAT TYPE OF DATA SEQUENCE
C I S TO BE GENERATED.
C

GO TO (1,2,5,6,9),I TYPE
1 I8IT=0

WRITE!6,101) .
101 FORMAT!//,10X, • THE DATA CONSISTS OF ALL ZEROS.',//)

GO TO 3
2 IBIT=1

WRITE!6,102)
102 FORMAT!//,10X,'THE DATA CONSISTS OF ALL ONES.',//)
C
C LOAD THE BITS INTO THE BITSEQ ARRAY.
C
3 DO 4 I=1,NBIT
4 BITSEQ!I ) = I8IT

GO TO 10
C
C LOAD ALTERNATE ONES ANO ZEROES
C INTO THE BITSEQ ARRAY.
C
6 DO 8 I=1,NBIT

F 1= I
IF! {(Fl/2.)-!I/2)).NE.O.O) GO TO 7
BITSEQ!I)=0
GO TO 8

7 BITSEQ(I)=1
8 CONTINUE

WRITE(6,104)
104 FORMAT!//♦10X,'THE DATA CONSISTS OF ALTERNATING',

1' ONES AND ZEROS,STARTING WITH A ONE.',//)
GO TO 10

C

Fig. A-4. Listing for Subroutine SIGNAL
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C SUBROUTINE SPCL WILL 3E SPECIFIED BY THE
0 USER TO GENERATE SPECIAL DATA SEQUENCES.
r
9 CALL SPCL

WRITE(6,105)
105 FORMAT!//,10X,'THE DATA IS USER SUPPLIED.',//)

GO T3 19
5 CALL PNSEQ(INIT)

WRITF(6,103)
193 FORMAT(//,10X,•THE DATA IS PSEUDO-NOISE (P-N).',//)
10 WRITE(6,106)
106 P3RMAT(//,10X,•THE SEQUENCE OF BITS IS',/)

WRITE(6,107) (BITSEQ!I ) , 1=1,NBIT)
19 7 FORMAT(1 OX,3113)

CALL SIGGEN(VPEAK,DUTYCY,DCOFF)

C WRITE SIGNAL SAMPLES ON DISK FOR INPUT TO SAP.
C
11 WRITF(3,l00) (WAVE!! ) ,I=1,NSAMPL)
100 FORM AT(E15.8)

CALL POWER(I POWER,VPFAK,DUTYCY,DCOFF)
F SAMPL = NSAMPL
WRITE!11,100) FPRINT,TPOWER,ENOPOW,FSAMPL
RETURN
FND

Fig. A—4. (continued) Listing for Subroutine SIGNAL
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DECLARE VARIABLE
AND ARRAY TYPES

AND LENGTH

I
FIND NUMBER OF
STAGES OF SHIFT

REGISTER(n)
FROM

L - 2n - 1

LOAD CONTENTS
OF ARRAY INIT

INTO SHIFT REGISTER
(ARRAY X)

I
DETERMINE THE

FEEDBACK ALGORITHM
ACCORDING TO THE

SEQUENCE LENGTH, L.

I
GENERATE THE PN

SEQUENCE IN ARRAY
X AND LOAD IT

INTO ARRAY BITSEQ

Fig. A-5. Flowchart for Subroutine PNSEQ
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c
c

c
2

c
r

1
c

3
18

C
C
r

r

4

5

6

SUBROUTINE PNSEO(INIT)

HIS SUBROUTINE GENERATES PN SEQUENCES
FROM SHIFT REGISTERS OF LENGTH N,WHERE N GOES
FROM 2 TO 10. THIS GIVES MAX. LENGTH SEQUENCES
OF LENGTH 2**N-1.THE INITIAL STATE OF THE
SIMULATED SHIFT REGISTER IS DETERMINED FROM
THE INPUT ARRAY INIT. AN ALL ZERO INITIAL
STATE IS NOT VALID.

INTEGER BITSEQI127),INIT(10)
COMMON NBIT,NSAMPL ,BITSEQ,WAVE( 12700),FN1,TPOWER
LOGICAL X(10) ,FEBACK»FEBAK1,FEBAK2

FIND THE NUMBER OF SHIFT REGISTER STAGES.

DO 1 N=1,NBIT
IN3IT.LE . (2**N)-l) GO TO 2
CONT INUE

INITIALIZE THE SHIFT REGISTER ACCORDING TJ
THE CONTENTS OF ARRAY INIT.

DO 18 1=1,10
I F( INIT( I ) .EQ.O) GO TO 3
XII)=.TRUE.
GO TO 18
XII ) = .FALSE.
CONTINUE
NN=N-1

DETERMINE THE FEEDBACK ALGORITHM ACCORDING TO
THE SHIFT REGISTER LENGTH.

Nl=l
N2=0
N 3=0
N4=0
GO TO!9,4,4,4,5,4,4,6,7,8),N
N.2=2
GO TO 9
N 2 = 3
GO TO 9
N2= 5
N3=6
N4= 7
GO TO 9

Fig. A-6. Listing for Subroutine PNSEQ
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7 N2=5
GO TO 9

8 N2 = 4
C
C GEMPRATE THE SEQUENCE AND LOAD IT INTO BITSEQ.
C
9 DO 16 I=1,NBIT

I F(X( 1 ) } GO TO 10
RITSEQII)«0
GO TO 11

ID BITSEO(I)=1
11 FE3AK1=X(N1)•AND..NOT.X(N2).OR..NOT.X(N1).AND.XIN2)

IF(N3.NE.0) GO TO 12
FERACK=FE8AK1
GO TD 14

12 FEBAK2=X(N3J . A ND . .NOT.X(N41.OR..NOT . X ( N3 ) . AND.X(N4)
13 F FBACK»FEBAK1.AND..NOT.FEBAK2.OR..NOT.FEBAK 1.

1 ANO.FFBAK2
14 DO 15 J=-1,NN
15 X(J)=X(J+1>
16 X(N)=FEBACK

RETURN
END

Fig. A-^5, (continued) Listing for Subroutine PNSEQ
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SUBROUTINE SPCL
INTEGER BITSEQ(127)
COMMON NBIT,NSAMPL,BITSEQ,WAVE(12700) ,FN1,TPOWER

^User Supplied Data Generator Inserted Here^

RETURN
END

Fig. A-7. Listing for Subroutine SPCL.

Section A. 1.6. The use of equation (A. 5) requires that the number

of signaling intervals during which the signal has a nonzero value

be known. A count can be performed in SIGGEN to obtain this informa­

tion for the power calculation. The process is illustrated for uni­

polar NRZ signals in the flowchart shown in Fig. A-8 and the program

listing shown in Fig. A-9. The variable FN1 is used for counting

purposes.

A.1.6 Subroutine POWER

This subroutine can be used to calculate the power contained

in two-level unipolar and polar signals. An option is provided

which allows the user to write his own power calculation routine.

Both types of signals can be characterized as having a peak value

V , duty cycles = t^/T^ , and a de offset, A. The situation is

shown in Fig. A-10 for a generalized signal.

Since the power in any signal is defined by the mean square 

value, the power for the signal described in Fig. A-10 is
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Fig. A-8. Sample Flowchart for Subroutine SIGGEN
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SU3ROUT I ME SIGGEN(VPEAK,DUTYCY,DCOFF)
C
C POLAR NRZ TYPE SIGNALING
C
C THIS SUBROUTINE GENERATES THE WAVEFORM
0 SAMPLES ACCORDING TO WWHAT IS CONTAINED
C IN THE BITSEQ ARRAY.
r

INTEGER BITSEQ1127)
COMMON NBIT,NSAMPL,BITSEQ,WAVE(12700),FN1

C NOTE TTHAT THE NUMBER OF SAMPLES TAKEN
C MUST BE CRAINSTRAINED TO BE AN INTEGER
C OVER ONE BIT PERIOD. THUS NSAMPL IS ADJUSTED
C TO INSURE THIS PROPERTY.
C

FN1=O.O
FNBIT=NBIT
FSAMPL=NSAMPL
SAMBIT=FSAMPL/FNBIT
NSA3 IT=SAMBIT
NSAMPL = NSA8IT*NB I T
VA=VPEAK+DCOFF
VB=-VPEAK+DCOFF

C
C GENERATE THE SIGNAL SAMPLES

DO 2 I=1,NBIT
I T=(( 1-1 )*NSABIT) + 1
I I 1=I*NSA3IT
IF(8 ITSEQ(I).EQ.1) GO TO 4
DO 3 J=II,III

3 WAVE(J)=VB
GO TO 2

4 DO 5 J=II,III
5 WAVE(J)=VA

FN1=FN1+1.O
2 CONTINUE

WRITE(6,10) FN1
10 FORMAT(1 OX, • FN 1=',E10.4)

RETURN
FND

Fig. A-9. Listing for Subroutine SIGGEN
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Fig. A-10. Generalized Two-Level Signal.

(A)2 dt +
JTb+Tl

6Tb

2(A)Z dt (A.l)

Since the signal attains the value V
P

+ A in intervals and the

value -V + A in N_ intervals
P 0

(A.l) can be written as

oT
2

(A) dt

2(A)Z dt . (A.2)

Since T = NT.o b where N = and by defining Dn = rn/T. and'J u b

D = r-/T, , (A.2) can be written as
i lb
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1 7 2
P = N [(Vp + A) D1 + (A) (1 " D]?l

N0 2 2
+ N“[(“vp + A) Do + (A) (1 " Do)] • (A'3)

For unipolar signals Dq reduces to zero, and D^ becomes D. Thus

2 9 9
N. [ (V + A) D + A' (1 - D)] + :inA'

Pu - -J—E--------------------- N----------------------— • <A-4)

or
N1 2

Pu * if VpD(Vp + 2A) + * • (A'5)

Equation (A.5) is encoded in Statement Number 10 in subroutine POWER.

For the case of polar signals D^ = Dq = D, and (A.5) becomes

^1 9 9 N0 2 2
Pp = — [(V + A)Z D + AZ(1 - D) ] + — [(-Vp + A)Z D + A (1 - D) ] ,

(A. 6)

or P = V 2 D + 2V (N - N ) + A2 . (A. 7)
p p p N 1 0

This equation is incorporated in Statement Number 20 in subroutine

POWER.

It is possible in some cases to "fool" the power calculation

algorithm so that it calculates the power for signals other than

those it was intended for. For example if A = 0 the power in a PDM

waveform can be found using (A. 5) with N^ replaced by Nt, where

Nt-|N1 + INO' (A-8)

The duty cycle D is then set equal to 1.0 for the calculation. The

flowchart for subroutine POWER is shown in Fig. A-ll. The program 

listing is shown in Fig. A-12.
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Many types of signals require power calculation algorithms other

than those provided in POWER. The user must determine whether or not

this is the case and, if so, supply the algorithm in the form of a

function subprogram called TP which is discussed in the next section.

Fig. A-ll. Flowchart for Subroutine POWER.

SUBROUTINE POWER(IPOWER,VPEAK,DUTYCY,DCOFF)
C
C THIS ROUTINE CALCULATES THE POWER CONTENT OF THE WAVE
C

INTEGER BITSEQ(127)
COMMON NBIT,NSAMPL,BITSEQ,WAVE(12700) ,FN1,TPOWER
FNBIT=NBIT
FNO=FNBIT-FN1
GO TO(10,20,30),IPOWER

10 TPOWER= (FN1/FNBIT) *(VPEAK*DUTYCY) * (VPEAK+2. *DCOFF)+DCOFF*DCOFF
GO TO 1

20 TPOWER= (VPEAK*VPEAK*DUTYCY)+( (2. *VPEAK) * (DUTYCY*DCOFF/FNBIT) *
1(FN1-FN0))+DCOFF*DCOFF

GO TO 1
30 TPOWER=TP( VPEAK, DUTYCY, DCOFF)
1 CONTINUE

RETURN
END

Fig. A-12. Listing for Subroutine POWER.
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A. 1.7 Function Subprogram TP

This is a user supplied routine which can be used to calculate

the power in the encoded signal. The parameter TP is set equal to

the calculated power and returned to subroutine POWER. A sample 

program used to calculate the power in an RB signal is shown in Fig.

A-13. Oftentimes the use of TP requires that quantities other than

7^, D, A, N^, and Nq be known The user must supply these, and usually

the information is obtained from SIGGEN.

FUNCTION TP (VPEAK,DUTYCY,DCOFF)
INTEGER BITSEQ(127)
COMMON NBIT.NSAMPL,BITSEQ.WAVE (12700) ,FN1,TPOWER
FNBIT=NBIT
VPEAK2=VPEAK/2.0
FNO=FNBIT-FN1
TP= ( (FN1* (VPEAK**2)+FN0* (VPEAK**2) ) *(DUTYCY/FNBIT) ) + (DC0FF**2)
RETURN
END

Fig. A^-13. Listing for Function Subprogram TP.

A.2 EFS ALGORITHM

The EFS algorithm, written in the user-oriented SAP language [31],

is used to provide spectral data for both the FSF and FSSF programs

and a plot of the encoded signal so that it can be checked for correct­

ness. A program listing is shown in Fig. A-14. The first two lines

of the program are comments and are designated as such by an asterisk

in Column 1. The statement "EXPONENTIAL SERIES/PERIODIC" indicates

to SAP that it is to generate the EFS expansion of a periodic waveform.

The output statement "OUTPUT, ECHO, PLOT, STORE" indicates that the

SAP program is to graph the input waveform (ECHO) and that the EFS 
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data is to be both plotted (PLOT) and written on disk (STORE) for

use by another program. The delimiter statement "FMAXIMUM = 20"

indicates that the portion of the EFS data which is graphed will

not extend beyond 20 Hz. The statement "TIME STEP = 0.1" is an

output delimiter which indicates that the ECHO plot will contain

only time samples spaced every 0.1 seconds apart. The statement

"DTIME = 0.001" specifies the time between samples of the encoded

waveform. The statement "WAVEFORM, UNIT = DISK, NUMBER = 12700,

INITIAL = 0.0" indicates to SAP that 12,700 input waveform samples

(NUMBER = 127000) are stored on disk (UNIT = DISK), with the first

sample occurring at time t = 0 (INITIAL = 0.0). The "EXECUTE"

statement tells SAP to proceed with its analysis.

* SAP PROGRAM TO GENERATE THE EXPONENTIAL SERIES
* OF AN ASSUMED PERIODIC DIGITAL WAVEFORM.

EXPONENTIAL SERIES/PERIODIC
OUTPUT,ECHO,PLOT,STORE
DTIME=0.001
FMAXIMUM=20
TIME STEP=0.01
WAVEFORM, UNIT=DISK ,NUMBER=12 700, INITIAL=0.0
EXECUTE

Fig. A-14. EFS Algorithm Listing.

A. 3 AUTOCORRELATION ALGORITHM

The autocorrelation algorithm, which is part of the FSSF

program, is used to obtain the autocorrelation function of the

encoded signal. The program listing is shown in Fig. A-15. The

statement "AUTOCORRELATION/PERIODIC" indicates that the autocor­

relation of a periodic signal is to be determined.
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*
* SAP PROGRAM TO GENERATE THE AUTOCORRELATION FUNCTION*

AUTOCORRELATION/PERIODIC
OUTPUT, ECHO,PLOT,STORE
DTIME=0.001
TIME STEP=O.O1
WAVEFO RM,UNIT=DISK,NUMBER=12700,INITIALS. 0
EXECUTE

Fig. A-15. Autocorrelation Algorithm Listing.

A. 4 POWER VS. FREQUENCY ALGORITHMS

The pother vs. frequency algorithms for both the FSF and FSSF

programs are basically the same. Each consists of a main program

and one subroutine called GRAPH1. The chief distinction is that

the FSF method computes cumulative power by summing the magnitude-

squared EFS components while the FSSF method sums the magnitudes

of the EFS components of the autocorrelation function.

A.4.1 FSF Power vs. Frequency Algorithm

The main program obtains the EFS data from the SAP program and

also some variables which were described in the signal generator

algorithm. These include the type of output the user .desires, i.e.,

graph, and/or table, the total power contained in the signal, the

desired final percent power, and the number of signal samples which

were generated. The program then replaces the de component with the

fundamental component and adjusts the total signal power accordingly,

as discussed in Chapter 3. The power vs. frequency calculation is

then performed while shifting the contributions in frequency by an

amount f /2. SAP generates N^-EFS components where N is determined 
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by the number of signal samples generated, N , according to the

relation

Nc
N = j- + 1. (A. 9)

Thus in some cases not enough EFS data is generated by SAP to allow

the power calculation to reach the desired final percent power. When

this is the case the program automatically uses all of the EFS data

available and prints a message informing the user of the problem. The

user is also informed whenever the available storage space for the EFS

data is exceeded which also may cause the calculation to stop before

the user desires it to. Since the de component is replaced by the

fundamental, it follows that a de level can not be used as the signal.

This eventuality is also provided for in the form of a message to the

user.

At the end of the power calculation the results are printed in

tabular and/or graphical forms at the user's option. Subroutine

GRAPH1 is used for graphical output. The main program flowchart and

listing appear in Figs. A-16 and A-17.

A. 4.2 FSSF Power vs Frequency Algorithm

The only difference between this algorithm and the FSF version

is that instead of calculating the magnitude-squared EFS components,

only the magnitudes of the EFS components are needed. The remainder

of this program is identical to the FSF version. The program listing

is shown in Fig. A-18.

A.4.3 Subroutine GRAPH1

This routine, which is used with both the FSF and FSSF programs, 

accepts the power vs. frequency data and graphs it. It assumes that 
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there are ninety print columns available for graph purposes and

determines the increment between columns based on the difference

between the minimum and maximum function values. Since the abscissa

axis is assumed to be lengthwise down the page there is no limit,

except computer storage space, on the number of data pairs which

can be graphed. Equal spacing between abscissa values is assumed.

The flowchart and program listing are shown in Fig. A-19 and Fig.

A-20, respectively.
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Fig. A-16. Flowchart for Power vs. Frequency Programs
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c
: THIS ROUTINE CALCULATES THE PERCENTAGE OF THE
C WAVEFORM'S POWER AS A FUNCTION OF BANDWIDTH.
C THE OUTPUT IS AVAILABLE IN BOTH TABULAR AND/OR
C GRAPHICAL FORM.
C

DIMENSION PCTPOWI2000),AREAL(20001 ,Al MAG I 2000),
1AMAG2(2000),FRE0(2000)
READ!11,100) FPRINT,TPOWER,ENOPOW,FSAMPL
LPRINT=?PRINT

C
C L°RINT IS AN OUTPUT LIMITING PARAMETER
C A VALUE OF LPRINT =0 WILL YIELD ONLY
C GRAPHICAL OUTPUT,LPRINT=1 WILL YIELD ONLY
0 TABULATED DATA,LPRINT EQUAL TO OR GREATER
C THAN 2 WILL YIELD BOTH TABLE AND GRAPH.
C

IF( ENDPOW.GE.0.0.A ND.ENDPOW.LT.100.0) GO TO 1
WRITE(6,111) ENDPOW

111 FORM AT(5X,'**♦* WARNING—REQUEST FOR A FINAL POWER •
1, ' OF • , IX,F7.3,IX,•? IS NOT VALID*****,//,5X,'♦♦♦* •
1, 'FINAL o0WER ADJUSTED TO 96.5? ♦♦*♦',/)

FNDP0W=96.5
1 WRITEC 6,11 15) TPOWER
1115 formaTI10X,•TOTAL POWER INCLUDING D.C. I S',2X,F10.5)
C
0 READ THE FREQUENCY DOMAIN OUTPUT FROM SAP AND
C CALCULATE THE PERCENT OF TOTAL POWER EACH
C FREQUENCY COMPONENT ADDS.
C

NSAMPL=FSAMPL
NSAP=(NSAMPL/2I+1
I F ( NSAP.GT.1999) GO TO 119
NOUT=NSAP
GO TO 96

119 N0UT=1999
96 READ(10,100) (FREQ{I),AREAL(I),AI MAG ( I),1 = 1,MUJT)
100 FORM AT(E15.8)
C
0 ELIMINATE THE CONTRIBUTION AT DC.

SOCPOW=AREAL(1)♦♦2+AIMAG(1)**2
WRITE(6,6120) SDCPOW

6120 FORM AT(/,10X,'THE DC POWER I S' , 2X,F10.5 )
280 Tp3 W ER = TPQWER-SDCPOW+AREAL( 2 ) **2 + AI MAG ( 2 ) **2

WRITF(6,240) TPOWER
240 FORMAT(/,1 OX,'THE NEW TOTAL POWER I S • ,2X,F10.5)

FIG. A-17. Listing for FSF Power Calculation MAIN Program
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A = 200.0/TPOWER
FO=FREQ{2)
FREQ(2)=FD/2.
AMA32I 1) = A RE AL I 2)**2*AIMAG!2)**2
PCTPOWl 1 ) = 0.0
oOTP OW ( 2 ) = ! AREAL(2)**2+AI MAG(2)**2)*100.O/TPOWER
IOUT=2

80 DO 2 I=2,N0UT
IOJT=IOUT+1
11=1+1

C
C SHIFT THE CONTRIBUTIONS BY HALF THE
C FUNDAMENTAL FREQUENCY.
C

FREQ!I I)=FREQ(I )+F0
28 1 AMAG2!I ) = ARF AL ( I ) **2+AI MAG( I ) **2
C
c CALCULATE THE RUNNING PERCENT POWER.
C

PCTPOWI I I )=A*AMAG2(I )+PCTPOW! I )
I F ( PCTD0W(I I).GE.ENDPOW) GO TO 75

2 CONTINUE
WRITE!6,110) ENDPOW

110 FORMAT!/,5X,'♦♦♦♦ REQUEST FOR A FINAL POWER OF',IX
1, F7.3, IX, •"? NOT MET DUE TO ONE OF THREE REASONS’
l,’*m',//,10X,'(ll AVAILABLE STORAGE SPACE FOR ',
1'ACCEPTING FREQUENCY DOMAIN DATA POINTS FROM SAP ',
1'IS EXCEEDED ,',/,15X,' I N WHICH CASE THE PROGRAM ',
1’MUST BE MODIFIED.',//,10X,'(2) TOO FEW SAMPLES ',
1'OF THF TIME DOMAIN SIGNAL WERE TAKEN,RESULT ING ',
1'IN TOO FEW FREQUENCY DOMAIN DATA POINTS,IN WHICH '
1,'CASE THE USER MUST SAMPLE THE SIGNAL MORE OFTEN.'
1,//♦10X, • !3) A CONSTANT SIGNAL LEVEL WAS ENTERED'
1,' INTO SAP,WHICH RESULTS IN THE SPECTRUM HAVING'
1,' ONLY ONE',/,15X,'SIGNIFICANT COMPONENT,THAT •
1,'AT DC.SINCE THE PROGRAM AUTOMATICALLY REPLACES'
1,' THE COMPONENT AT •, / , 15X,'DC WITH THAT OF THE •
1,'FUNDAMENTAL COMPONENT,THE TOTAL POWER CAN NEVER'
1,' GET ABOVE',/,15X,'0.0?. THE SOLUTION TO THE •
1, 'PROBLEM IS NOT TO ENTER A DC LEVEL INTO SAP.',//)

C
C OUTPUT THE RESULTS OF THE CALCULATIONS.
C
75 IF( LPRINT.EQ.O) GO TO 105

WRITE(6,102)
102 FORMAT!///,6X, • N ' ,6X , *F REQUENCY • , 11X, • RE AL ’

1 ,‘PART* ,9X,'IMAGINARY PART',6X,'POWER ADDED',

Fig. A-17. (continued) Listing frr FSF Power Calculation MAIN Program
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l -) 'PERCENT POWER’ ,//)
00 3 1 = 1, TOUT
MN=I — 1

3 WRITE(6,101) NN,FREQ(I),AREAL(I),AI MAG(I),AMAG2(I) ,
1=>CTPOW( I )

131 FORM AT(5X,T4,5(5X,E15.8 ))
I c(LOR I NT.EQ . 1) GO TO 106

105 GALL GRA PH 1(FREQ,PCTPOW,I OUT,2 )
WRITE{6,112)

112 FORMAT(/,3X,’FREQUENCY VS POWER’,/,5X,'(HZ)•
1,12X,’(?)•)

106 STOP
ENO

Fig. A-17. (continued) Listing for FSF Power Calculation MAIN Program.
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C
C THIS ROUTINE CALCULATES THE PERCENTAGE OF THE
C WAVEFORM'S POWER AS A FUNCTION OF BANDWIDTH.
C THE OUTPUT IS AVAILABLE IN BOTH TABULAR AND/OR
C GRAPHICAL FORM.

DIMENSION PCTPOWI2OOO),AREAL(2000),Al MAG(2000),
1PA( 20D0) ,FRE.Q( 2000)
READ(1L,100) FPR I NT,TPOWER,ENDPOW,FSAMPL
lprint=fprint

C
C (.PRINT IS AN OUTPUT LIMITING PARAMETER
C A VALUE OF LPRINT =0 WILL YIELD ONLY
C GRAPHICAL OUTPUT,LPRINT=1 WILL YIELD ONLY
C TABULATED DATA,LPRINT EQUAL TO OR GREATER
C THAN 2 WILL YIELD BOTH TABLE AND GRAPH.
C

IF(ENDPOW.GE.0.0.AND.ENDPOW.LT.100.0) GOTO 1
WRITE(6,111) ENDPOW

111 FORMAT{5X,'♦♦♦♦ WARNING—REQUEST FOR A FINAL POWER '
1, 'OF•,1X,F7.3,1X,'? IS NOT VAL!□♦♦♦♦',//,5X,'♦♦♦♦ •
1, 'FINAL POWER ADJUSTED TO 96.5< *♦♦♦',/)

ENDP3W=96.5
1 WRITE(6,1115) TPOWER
1115 FORMAT!10X, 'TOTAL POWER INCLUDING D.C. I S•,2X,F10.5)
C
C READ THE FREQUENCY DOMAIN OUTPUT FROM SAP ANO
C CALCULATE THE PERCENT OF TOTAL POWER EACH
C FREQUENCY COMPONENT ADDS.
C

NSAMPL=FSAM°L
NSAP=(NSAMPL/2)+1
I F{ NSAP.GT . 1999) GO TO 119
NOUT=NSAP
GO TO 96

119 N0UT=1999
96 READ(10,100) (FREQ(I) , AREAL(I),AI MAG(I),I = 1,NOUT)
100 FORMAT(E 15.8)
C
C ELIMINATE THE CONTRIBUTION AT DC.
C

PCTPOWfl)=0.0
PAI 1) =0.0
FRFQ!l)=0.0
WRITF(6,6120) AREAL(l)

6120 FORMAT!/,10X,'THE DC POWER I S ' , 2X ,F 10.5 )
TPOWER = TPOWER + SQRT ( AREAL (2) *AREAL (2 )+AI MAG (2)

Tig. A--18, Listing for FSST Power Calculation MAIN Program.



1*AIMAG(2)) -AREAL(l)
WRITE(6,240) TPOWER

240 FORMAT I/,10X,'THE NEW TOTAL POWER I S' ,2X, F10.5 )
FO=FREQ(2)72.
FREQ(2)=F0-
PA(2 ) = SORT ( AREAL(2)*AREAL 12)+AIMAG(2)*AIMAGI2))
TP=PA(2)
PCTP0W(2>=(TP7TP0WER)*100.
IOUT=2
00 1000 II0=3,N0UT
I OUT=IOUT+L
I 11 = 110-1

c
C SHIFT-THE CONTRIBUTIONS BY HALF THE
C FUNDAMENTAL FREQUENCY.
C

FREQ I 11 O-) = FREQ(-I I 0)-F0
PAI I I 3 ) —2.*SQRT(AREAL(I 11L*AREAL(II I)+AIMAGI 111)

1*AIMAG(III))
TP = TP + PA(110)

C
c CALCULATE THE RUNNING PERCENT POWER.
C

PCT°OW{ I 10 )-=( TP/TP0WER)*100.
IF! PCTPOWI HO) .GE.ENDPOW)- GO TO 75

1000 CONTINUE
WRITE(6,110) ENDPOW

110 FORMAT!7,5X,•♦♦♦♦ REQUEST FOR A-FINAL POWER 0F',ia
1,F7.3,IX,NOT MET DUE TO ONE OF THREE REASONS'
1, ,77 t10X-,'(1) AVAILABLE STORAGE SPACE FOR ',
1'ACCENTING-FREQUENCY DOMAIN DATA POINTS FROM SAP ',
1'IS EXCEEDED,•,7,15X,'IN WHICH CASE-THE PROGRAM ',
1'MUST BE MODIFIED.•,77,LOX,'(2) TOO FEW SAMPLES ',
1' OF THE TIME DOMAIN SIGNAL WERE TAKEN,RESULT I NG ',
L'IN TOO FEW FREQUENCY DOMAIN DATA POINTS,IN WHICH •
1,’CASE THE USER MUST SAMPLE THE SIGNAL MORE OFTEN.'
1,77 , 10X, • ( 3) A CONSTANT SIGNAL LEVEL WAS ENTERED'
1,' INTO SAP,WHICH RESULTS IN THE SPECTRUM HAVING'
1,' ONLY ONE' ,7,15X,'SIGNIFICANT COMPONENT,THAT •
1,'AT DC.SINCE THE PROGRAM AUTOMATICALLY REPLACES'
1,' THE COMPONENT AT•,7,15X,•DC WITH THAT OF THE •
1FUNDAMENTAL COMPONENT,THE TOTAL POWER CAN NEVER'
1,' GET ABOVE',7,15X,•0.OX. THE SOLUTION TO THE •
1,'PROBLEM IS NOT TO ENTER A DC LEVEL INTO SAP.',77)

C
C- OUTPUT THE RESULTS OF-THE CALCULATIONS.
C

Fig. A-^18. (continued) Listing fox PSSF Power Calculation MAIN Program.
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75 I FtLPRINT.EQ.O) GO TO 105
WRITF(6,102)

102 F.HMMI///,6X, • N •,6X,'FREQUENCY',11X,'REAL '
1, ' ’-’ART ’, OX, • IMAGINARY P A» T • , 6X , ' POWE R ADDED',
1 9 X, ' !>E RS E NT POWER',//)

Ort 3 hl,nUT
NN=l-l

-J WRITF(6,101) NN,FREQ!I),AREAL!I),AIMAG!I),AMAG2(I),
loCTPOW!I)

101 FORMAT!5X,14,5( 5X.E15.8))
IF(LPR1NT.EQ.I) GO TO 106

105 CALL GRAPH1(FREQ , PCTPOW,I OUT,2 )
WRITE!6,112)

11? F ORM AT ( / , OX, ' CREOUENCY VS POWER',/,5X,' !HZ) '
1,12X,'!?)•)

106 STOD
ENO

Fig. A-18. (continued) Listing for FSSF Power Calculation MAIN Program
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Fig. A-19. Flowchart for Subroutine GRAPH1
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SJBROUTI ME GRAPI! 1 (X , Y,NPTS,1FLAG)
C.
C THIS SUBROUTINE PRINTS AND PLOTS THE VALUES OF A
C SINGLE VALUED FUNCTION. THE INPUT DATA ARRAYS ARE
C THC X AND Y ARRAYS. THERE IS NO LIMITATION ON THE
C MAXIMUM Y VALUE SINCE THE ROUTINE SCALES THE Y INPUT
C TO GRAPH IT IN 90 PRINT COLUMNS. THE PARAMETER 'NPTS'
C IS THF NUMBER OF INPUT DATA PAIRS. THE PARAMETER
0 'IFLAG' IS USED TO TELL THE ROUTINE IF IT IS DESIRED
C THAT LINES BE DRAWN FROM THE X AXIS TO CORRESPOND!NG
C Y VALUES.

DIMENSION Y(N°TS) , X(NPTS) , LINE(90)
INTEGER BLANK,XZER0 , YZERO,STAR.DOT , PLUS
LI A = 0
YZERO=O
XZFRO=O

C FINO THF MAX AND MIN Y VALUES I THRU 10) FOR
C SCALING PURPOSES.

YMIN = Y(1)
YMAX=Y( 1)
DO 10 1=2,NPTS
vm[m = AMINilYMIN,Y( I ) )

10 YMAX=AMA X 1 {YMA X,Y( I ) )
C DEFINE SPECIAL CHARACTERS FOR OUTPUT.

BLANK=1077952576
MINUS=1614823488
I SYM=-n 1 8536128
STAR=1547714624
DOT=1262501952
°LUS = 13 12833600

C TEST THE SYMMETRY OF THE Y ARRAY TO OBTAIN THE
C MAXIMUM EXCURSION ACROSS THE PAGE.

IF(YMAX-YMIN)50,50,51
50 YMAX=2•*YMAX+1
51 CONTINUE
C DEFINE THF INTERVAL BETWEEN Y VALUES.
21 YST° =(YMAX-YMIN ) /89.6633
C TEST TO SEE IF ZERO CROSSINGS OCCUR AND DEFINE THF
C Y=0 OR X AXIS.

Ic(YMIN*YMAX)23,23,25
23 YZERO=(ABS(YMIN))/YSTP + 1.187

GO TO 24
25 CONTINUE
24 WRITE(6,1) (DOT,1=1,90)
1 FORMAT(•1•,T9,•X',T24,'Y',T31,90Al/)
C INITIALIZE THE 'LINE' (OUTPUT) ARRAY TO ’BLANK'.

Fig. A-^20. Listing for Subroutine GRAPH1.
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DO 11 1=1,90
11 L INE( I )=BLANK
C DETERMINE THE X AND Y INTERSECTION POINT. IF THE
C FIRST X VALUE IS POSITIVE OR IF ALL X VALUES ARE
C NEGATIVE, NO Y AXIS IS PRINTED.

IF(YZER0)70,70,27
27 LINE(YZERO)=1SYM
70 IF( X(1)*X(NPTS)171,72,28
71 03 60 I=2,NPTS

KL= 1-1
IF(X(KL)*X(I>> 61,61,60

61 IF ( ABS( X( KL)I-ABS(X(I)) 162,62,63
62 XZERO=KL

GO TO 28
63 XZERO=I

GO TO 28
60 CONTINUE

GO TO 28
72 IF(X( 1) >73,74,73
74 XZER3=1

GO TO 28
73 IF(X(NPTS))28,75,28
75 XZERO=NPTS
C DETERMINE THE LOCATION IN THE 'LINE' ARRAY FOR THE
C (SCALED) Y VALUES.
28 DO 12 T=l,NpTS

I STAR«(Y(I )-YMIN)/YSTP+1. 18
C PRINT Y AXIS AS REQUIRED. THE X AND Y AXIS
C INTERSECTION POINT IS DENOTED BY ' + '.

IF(I-XZERO)26,30,26
30 DO 31 J-1,90
31 LINE(J)=MINUS

IF(YZERO)35,35,36
36 LINE(YZERO)=pLUS
35 LINE( I STAR) = STAR

WRITE(6,2) X( I),Y(I),(LINE(K),K = 1,90)
2 FORMAT( IX, 1DE13.6,2X,E13.6,1X,90A1)
C ERASE PREVIOUS OUTPUT FROM THE 'LINE' ARRAY.

DO 32 J=l,90
32 LINE(J)=BLANK

IF( YZERO)12,12,33
33 LINE(YZERO ) = ISYM

GO TO 12
C ENTER Y VALUES INTO THE 'LINE' ARRAY.
26 L = LINE(I STAR)

LINE(ISTAR)=STAR
C TEST TO SEE IF DASHED LINES ARE TO BE DRAWN

Fig. A^20. (continued) Listing for Subroutine GRAPHl.
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C HOM T-fp X AXIS Tf) THE CORRESPONDING Y VALUES.
I F ( Ip L A G . F Q . 1 ) GO TO 84
L I = YZER i-I STAR
LI A-IARS(L 1 I
IFILIA.LE.il GO TO 84
IF(LII 80,84,82

80 II=YZERO+1
JJ=TSTAP-1
GO TO 83

82 II=ISTAR+1
JJ=YZERO-1

83 DO 81 K=II,JJ
L I N F ( < ) = M I NUS

81 CONTINUE
C OUINT THE X AND Y DATA POINTS AND THE 'LINE' ARRAY.
84 WRITE(6,2) X( I I , Y( I ) , ( LINE(KI,K=1 ,90 I
C ERASE PREVIOUS DATA FROM 'LINE' ARRAY AS REQUIRED.

IF(TFLAG.EO. l.OR.LIA.LE.l) GO TO 95
DO 85 K=II,JJ

85 LINE(K)=8LANK
95 LINE(I STAR)=L
12 CONTINUF

R FTURN
END

Jig. A—20. (continued) Listing for Subroutine GRAPH!.

IFILIA.LE.il


APPENDIX B

INVESTIGATION OF SPECTRAL NULLS

The power density spectra of many of the baseband signals

contain discrete components, as predicted by the power density

equations given in Chapter 2. However, it was found in the course

of this study that some signals, specifically polar RZ, pulse posi­

tion modulation, and biphase, exhibit spectral nulls which are not

predicted by the power density equations. An attempt is made here

to explain these nulls by Fourier series analysis. Experimental

verification of the results are provided for each signal.

B.l POLAR VS. UNIPOLAR RZ

It is shown in Table 3.1 that the bandwidth requirements for

unipolar RZ and polar RZ are noticeably different. This is somewhat

unexpected since their NRZ counterparts require the same bandwidths

if the de component is removed. The explanation for this phenomenon

lies in the differences between these signals' total power and the

discrete components of their power density spectra. It is evident

for p = 0.5 that the unipolar RZ spectrum described by (2.8) has

large discrete components at odd multiples of 1/T^, whereas no dis­

crete components are present in the polar RZ spectrum described by

(2.9). In fact, it was found that there is a null in the spectrum

for polar RZ signals at odd multiples of the bit rate, which is not

predicted by (2.9).
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An expression which indicates the spectral nulls in polar RZ

signals can be obtained by considering the Fourier series analysis

of the signal. The EFS coefficients are obtained from

C(nfo) = (B.l)

The integral can be broken into two parts, one of which includes

only those bit intervals where there are Ones and the other where

there are Zeros. Assuming, for simplicity, that the baud interval

is t seconds and that the peak signal values are + IV, (B.l) can be

written as

all
Ones

£Tb

all
Zeros

-j2imf t
(B.2)

mT□

G(nf ) = Y" s
o 1

inc(nf t)
-jimf T, (2£+l)ob

all
Ones

-jirnf T, (2m+l)J o b
(B.3)

all
Zeros

Setting nf = k/T, , k = 1,3,5,..., in (B.3) gives
o b
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G(k/T ) = sinc(kt/T )
DI D

O E
all

- j Tik (22+1)
e

I- Ones

Zeros

-j7rk(2m+l)
e (B.4)

It follows that since k(22+l) and k(2m+l) are both odd integers, both

exponentials are equal to -1. Letting N^ and Nq represent the number

of Ones and Zeros, respectively, in the data sequence yields

G(k/T ) = [N - N ] sinc(kT/T ) (B.5)
D 1 U 1 D

O

Since the signal period, T , is given by

T = (N + N ) T , (B. 6)
O IUD

(B.5) can be rewritten as

sine(kr/T )
b

No -Ni
N, + NqJG(k/T ) =

b Tb L"1
k = 1,3,5,... (B. 7)

Consequently, the component at odd multiples of the bit rate becomes

smaller as the PN sequence length, L = N^ + Nq, is increased. For

truly random data, i.e.,'N£ = Nq, the components at k/T^ vanish

completely. By contrast, the EFS Coefficients for unipolar RZ are

given by (B.2) with the second sum omitted, which reduces to (B.7)

with Nq - N^ replaced by -N^. Unipolar RZ thus has strong components

in its spectrum at odd multiples of 1/1^, as predicted by (2.8),

while polar RZ has nulls in its spectrum at the same frequencies.
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These results were verified experimentally using 15 bit PN sequences

as the basis for encoding. The encoded signal spectra were analyzed

using a GR 1900-A spectrum analyzer in conjunction with a GR 1521-A

strip chart recorder. The results are shown in Figs. B-l and B-2.

Since the peak-to-peak voltage, V was constrained to be the

same for all signals, the total power contained in the polar and uni­

polar NRZ signals was the same after the de component was removed.

Since the continuous portions of the power density spectra for these

signals are identical, it follows that the cumulative power curves are

too. By contrast, the power in the polar RZ signal is approximately

half that of unipolar RZ. Since the continuous portion of their spectra

are identical, it follows that the percent power contained in a

given bandwidth for unipolar RZ is less than that for polar RZ. The

differences between the two results become negligible with increasing

bandwidth, as shown in Table 3.1. Plots of power density and cumula­

tive power as a function of frequency are found in Appendix C.

B.2 PULSE POSITION MODULATION AND BIPHASE

The results of the analysis of PPM signals in the laboratory

are shown in Fig. B-3 and are identical to those obtained from the

FSF bandwidth analysis program. The large discrete components are

predicted for these signals by (2.12), but the nulls are not. An

analysis similar to that carried out in the previous section yields

the following spectral coefficients at the frequencies in question.

(B.8)
N1 -No

N1 + N0
|sinc(k/4)| , k = 1,3,5|G(k/Tb)| = 1
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|G(k/Tb)| = ||sinc(k/4)|,

G(k/Tb) = 0 ,

k = 2,6,10,... (B.9)

k = 4,8,12,... (B.10)

It follows from (B.8) that nulls occur in the spectrum in a manner

identical to that for polar RZ signals, while (B.9) predicts the large

discrete components.

The same type of analysis yields the EFS coefficients for BI4>-L,

|G(k/Tb)| = 0 , 

|G(k/Tb)| =
Ni-No
Nl + N0

|sinc(k/2)| ,

k = 0,2,4,... (B.ll)

k = 1,3,5,... (B.12)

which are essentially nulls for long PN sequences. This agrees with 

both the computer and laboratory results, which are shown in Fib. B-4.
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APPENDIX C

POWER DENSITY SPECTRA AND
CUMULATIVE POWER CURVES

The power density spectra, S(f), and associated cumulative power,

P(f), curves for each of the signals listed in Table 3.1 are presented

in this appendix. The power density spectra are plotted from the theo­

retical expressions in Chapter 2, where it was assumed that Ones and

Zeros are equally probable.

It was found that for three of the signals, namely DM, PST and

BI<f>—S, that the amplitude spectra obtained from the EFS expansion did

not closely resemble their theoretical solutions. Spectral analysis

of these signals in the laboratory verified the computer results and

it was concluded that the strange appearance of the spectra was due

to the use of a PN sequence. It is a known fact that the appearance

of the power spectrum is quite dependent upon the distribution of

Ones and Zeros in the sequence. No theoretical power density expres­

sion for biternary (BT) was found: consequently, the magnitude-squared

values of the EFS spectrum was used. The cumulative power curves are

plotted from the data obtained by the FSF program discussed in Chapter

3, and reflect the replacement of the de component by the fundamental

component of the EFS expansion. A bit time of 0.1 seconds was used

in plotting the power density spectra.
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C.l NRZ SIGNALS

The curves for polar NRZ are shown in Fig. C-l. As noted in

Chapter 3, these curves also apply to unipolar NRZ signals with the

exception that the unipolar signals have large discrete components

at de.

C.2 RZ SIGNALS

The power density spectrum and cumulative power curves for uni­

polar RZ signals are shown in Fig. C-2. The discrete components in

the power density spectrum predicted by (2.8) cause the steps in the

cumulative power curve. The curves for polar RZ signals are shown

in Fig. C-3, and are in marked contrast to those of unipolar RZ

signals. As discussed in Appendix B, for p = 0.5 there is a null in

the power density spectrum for polar RZ signals as opposed to a large

discrete component for unipolar signals. Consequently the cumulative

power curve for polar RZ does not exhibit the step characteristic of

unipolar RZ. However, (2.9) shows that for p 0.5 discrete compo­

nents appear at odd multiples of 1/T^, and steps will in general be

present in the cumulative power curve.

The curves for RB signals are shown in Fig. C-4 and again

illustrate the effect that discrete components in the power density

spectrum have on cumulative power. In this case the first step is

quite large, increasing the cumulative power by 67%. As shown in

Fig. C-5, the power density spectrum for PDM signals has discrete

components at integer multiples of 1/T^. These are not large enough 

to increase the percent power in a manner as dramatic as RB signals.
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The curves for PPM signals, shown in Fig. C-6, reflect the very

marked effect of the narrow pulse width. As discussed in Appendix

B, PPM has spectral nulls at m/Tb, m = 1,3,5 and large discrete

components at n/T^, n = 2,6,10,.... Except for the large de component,

the spectrum is shifted from zero frequency and resembles that of BI<j>

signals which is shown in Fig. C-7.

C.3 SP<|> SIGNALS

The curves for BI<t>—L signals are shown in Fig. C-7, and also

apply to BI<|>-M and BI<j>-S. As discussed in Appendix B, the BI<f>

spectrum has nulls at odd multiples of 1/T^. DM signals have power

density spectra as shown in Fig. C-8, which concentrate most of their

power in a relatively narrow bandwidth. This accounts for the rapid

increase in signal power as bandwidth is increased.

C.4 MLB SIGNALS

The curves for BP/NRZ and BP/RZ signals are shown in Figs. C-9

and C-10, respectively. Since the spectra for these signals and

their DI/NRZ and Dl/RZ counterparts are identical for p = 0.5, the

figures are also valid for DI signals. The excellent bandwidth

utilization of duobinary signals is illustrated by the curves shown

in Fig. C-ll. Approximately 95% of the total signal power is con­

tained in a bandwidth of 1/T, Hz.. Unfortunately, DB requires good
b

channel response near de, e.g., 40% of the total power is contained

between de and 0.1/T, . The curves for PST are shown in Fig. C-12,
b

and illustrate the good bandwidth utilization of this type of signal,

which does not require near-dc response in the channel. The TPC 
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signal is the only MLB signal studied whose spectrum contained large

discrete components for p = 0.5. The curves for this scheme are shown

in Fig. C-13. As mentioned earlier, no theoretical power density

spectrum was found for the biternary signal. The spectrum shown in

Fig. C-14 is the envelope of the magnitude-squared EFS data generated

in the course of this study, and exhibits some interesting properties.

The spectrum has nulls that occur at f = 1/3T, , 1/T, , 5/3T, , 3/T,
D D D D

i.e., the nulls are irregularly spaced. The cumulative power curve

shows that BT signals make excellent use of available bandwidth: the

BT signal baud interval is T,/2 seconds, yet it requires only about
b

as much bandwidth as NRZ signals which have a baud interval of T^

seconds. BT signals thus double the information rate of binary NRZ

signals without significantly increasing bandwidth requirements.
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APPENDIX D

SIGNAL IMPLEMENTATION

The designs used to implement each of the signals discussed in

Chapter 2 are presented in this appendix. Karnaugh mapping techniques

are used to derive the minimum Boolean expressions for those signals

to which the techniques apply, and the results are presented in AND/OR

form. It is assumed in the derivations that the binary data is avail­

able in either polar or unipolar NRZ form for input to the encoder,

and that the system clock is also available to the encoder. The input

data sequence is denoted by the letter I, while the clock is denoted

by C, and the encoder output by G. The remainder of the signal imple­

mentations are found in the literature.

D.l BINARY NRZ ENCODERS

No encoders are required for unipolar and polar NRZ signals since

the binary data is assumed to be present initially in either form. The

truth table and Karnaugh map for NRZ-M are shorn in Fig. D-l. The

symbol P is used to indicate the previous output (in logical form).

The minimum Boolean expression or switching function is

gnrz-m ■ V + PJ • (D-1)
Since NRZ-S is, in a sense, the opposite of NRZ-M, the table and map for

NRZ—S can be obtained by complementing the G column of the truth table

for NRZ-M. The switching function is given by
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(a) Truth Table (b) Karnaugh Map of C

Fig. D-l. Logic Design for NRZ-M.

(D.2)

D.2 BINARY RZ ENCODERS

Encoders for unipolar and polar RZ signals can be built using

analog or combinational logic elements. The analog implementation

is shown in Fig. D-2, and consists of multiplying the input by a

positive-going square wave, or clock, with a 50% duty cycle. The

logic implementation Of these signals, as shown in Fig. D-3, is also

quite simple and is probably the least expensive of the two methods.

NRZ Data

Clock

Fig. D-2. Analog Implementation for Unipolar and Polar RZ.
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I c ; G

0
0

1

1

0 i
i !

0 i
11

0
0

0

1

(a) Truth Table (b) Karnaugh ’'an of ('

Fig. D-3. Logic Design for Unipolar and Polar RZ.

The resulting switching function is

grz = ic • (D.3)

The implementation for RB signals can be accomplished by the

use of a hybrid circuit as shown in Fig. D-4. Both I and C are uni­

polar signals in the diagram, as is the 50% duty cycle clock.

I

C

Clock

cDR(t)
Kd

Fig. D-4. Hybrid Implementation for RB.

The logic circuit implementation for PDM signals requires that a

second clock signal, C? , at twice the system clock frequency be avail­

able. The table and map for PDM are shown in Fig. D-5, and the switching 

function is given by (D.4).
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(a) Truth Table (b) Karnaugh Map of G

Fig. D-5. Logic Design for PDM.

GPDM ■ IC + IC2 + CC2 ■ <D'4)

PPM signals also require a second clock signal at twice the system

clock frequency. The table and map are shown in Fig. D-6 and the switching

function is

GPPM = ICC2 + ICC2

D.3 SP4> ENCODERS

(D.5)

The truth table and Karnaugh map for L are shown in Fig. D-7,

and the switching function is

p
BI<f>-L IC + IC (D.6)

The table and map for BI<|>-M are shown in Fig. D-8. The symbol is 

used to indicate the last output level in logical form.
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I c C2 G

0

0

0

0

1

1

1

1

0

0

1

1

0

0

1

1

0

1

0

1

0

1

0

1

0

0

0

1

0
1

0
0

(a) Truth Table (b) Karnaugh Map of G

Fig. D-6. Logic Design for PPM.

I

0

0
1
1

(a) Truth Table (b) Karnaugh Map of G

Fig. D-7. Logic Design for BI<j>-L.

The switching function is

(D.7)

and map for are

is given by D. 8.

(D.8)CPLG = IC + ICPT +

G M = IC + ICP + CP

shown in Fig. D—9, and the switching function

obtained by complement operations. The table 

Unlike the NRZ-M and NRZ-S encoders, the encoder for BI|-S cannot be 
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I c

Pn G

0

0

0

0

1

1
1

1

0

0

1

1

0
0

1

1

0

1

0

1

0

1
0

1

0

1

1

0

1

0
1

0

C

(a) Truth Table (b) Karnaugh Map

Fig. D-8. Logic Design for BI4>—M.

(a) Truth Table (b) Karnaugh Map

Fig. D-9. Logic Design for BI$-S.

The implementation for DM signals requires that both the last

output level, P^, and the last input bit, Pg, be known. The table

and map are shown in Fig. D-10, and the switching function is

GDM - IPLC + IPLC + IPBPL + IPBPt • <D'5)
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(a) Truth Table

(b) Karnaugh Map

Fig. D-10. Logic Design for DM.

0.4 MLB ENCODERS

The encoder for bipolar/NRZ signals [32] is shown in Fig. D-ll.

BP/RZ signals can be generated by AND'ing BP/NRZ and the system clock.

The encoder for dicode/NRZ [33] is shown in Fig. D-12. DI/RZ signals

can be generated by AND’ing DI/NRZ and the system clock.

The encoder for duobinary was shown previously in Fig. 2-19. The

encoder for pair selected ternary signals [34] is shown in Fig. D-13,

and the encoder for time polarity control signals [35] is shown in Fig

D-14. The encoder for biternary signals is shown in Fig. D-15, and 
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requires a 1/2 bit delay element which can be accomplished with a J-K 

flip-flop.

Fig. D-ll. Encoder for BP/NRZ.

Fig. D-12. Encoder for DI/NRZ.
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+PST

DIVIDE BY 2 ■0 c'

= DELAY OF 1 BIT INTERVAL

Fig. D-13. Encoder for PST.



136

INPUT

Fig. D-14. Encoder for TPC.

Fig. D-15. Encoder for BT.
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