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Until the advent of PSK (phase shift keying) modulation in the late fifties, digital
information was modulated on a carrier using FSK (frequency shift keying) modulation. PSK
provided higher information content than FSK, permitting information to be conveyed at a
spectral efficiency further up Shannon’ s theoretical curve of Bits/Hz versus E/N,.

Demodulation of PSK and its successors (e.g., QPSK, QAM) presented a new problem,
however. Synchronization would now be needed with the modulated carrier (nanosecond
timing), not just the underlying digital signal (micro/millisecond timing). As Costas pointed out
in his patent, timing information had “to be obtained automatically and accurately even in the
presence of fairly large amounts of noise or interference. . . .the timing system must operate
properly no matter what messageis sent.”

The solution to this problem was the Costas loop, an elegant and far-reaching invention
that used a control-feedback loop to begin the era of synchronous demodulation by “provid[ing]
means for obtaining character time automatically into receiver in aradio Teletype system.”

___Aupio DUEU‘II
‘ . jﬂﬂﬂ ,2086 210 ll
LOW-PASS
\ —‘ DETECTOR FILTER A::LE:ISEN j
| 204 216 214 |
LOCAL SMOOTHING ANR |
] OSCILLATOR FILTER DETECTOR l
0—‘-0- /220 ‘ !
) 30° PHASE FREQUENCY
CONTROL
| SHIFTER UNIT (218 ;
'| 202 208 212 |
| LOW-PASS AUDIO l
| —{ DETECTOR FILTER AMPLIFIER
Edwin A. Suominen, Registered Patent Agent Www.eepatents.com

ELECTRICAL ENGINEERING PATENTS
RF « DSP « Communications ¢ Electronics « Software


http://eepatents.com

July 31, 1962 J. P. COSTAS 3,047,660
MEANS FOR OBTAINING CHARACTER TIME IN A RADIO
COMMUNICATION SYSTEM RECEIVER
Filed Jan. 6, 1960 7 Sheets-Sheet 1

MARK-SPACE
QUTPUT

22

SAMPLING
AND
DECISION

S(t)

20

LOW-PASS
FILTER
f

RECEIVER

FIG.I

e

2¢c0s Wyt

DETECTOR
LOCAL
OSCILLATOR
f

t [SYNCHRONOUS

nt ]
B e

S(t) cos®,

16
o~ — ——
14
12

S(t)

A

BALANCED
MODULATOR
SHAPER
MARK-SPACE

GENERATOR

COs Wt

10

John P. Costas
INVENTOR,

BY pidne Itk

TRANSMITTER

SUB~CARRIER
OSCILLATOR
]

ATTORNEY

i www.eepatents.com
Courtesy of Edwin A. Suominen, Registered Patent Agent


Edwin A Suominen
Courtesy of Edwin A. Suominen, Registered Patent Agent

Edwin A Suominen
www.eepatents.com

http://eepatents.com

P. COSTAS
NING CHARACTER T

J.

July 31, 1962

3,047,660

IME IN A RADIO

COMMUNICATION SYSTEM RECEIVER

MEANS FOR OBTAI

7 Sheets-Sheet 3

Filed Jan. 6, 1960

INGL . 0
¥3LOVHVHD 31vo g
aNv _ % mw U
86 ENIVEL O S z
o— ¥012313s a5 «
1ndino p W o
INIL Li8 ) V. NIVML
997 , r-3n .WW P
S
9.
801 ¥01V1112S0 J
\ ONIND0TE [ ]
D
ALidviod NOISIO3d || yo13313g =
n ] ¥37dwvs IDVAS-NHVYN L -
1ndLno ¥OL1V1I2s0 W J 4
3IVdS-NNYN ONINDOTE 3 0L 89 t
ve’ T ELED
31ve
96
ye 109419
501 ONIOVHIAY
43141103y »
3AvM 104 M-
b6
43ddio
HOLYYIANIS
3snd HILYIANI EERFITT
3sind 3A1LISOd
26 /
s oo_\ 2ot ¢o_\
CRRIE
08LNOD zowu:_.__. $0
AON3N0D3y4 1 ¥31ovavH)
06 98 i
¥O0123130 43141103y
‘Al ISVHd 3Avi 1703 [“+NOII3¥H0 30




July 31, 1962 J. P. COSTAS 3,047,660

MEANS FOR OBTAINING CHARACTER TIME IN A RADIO
COMMUNICATION SYSTEM RECEIVER

Filed Jan. 6, 1960

7 Sheets~Sheet 4

FIG.2 F16.3 .
AUDIO OUTPUT
1
,200 ,206 210 |
LOW-PASS AUDIO |
~— DETECTOR FILTER AMPLIFIER |
/204 /216 /214 I
LOCAL SMOOTHING g:gg’e I
OSCILLATOR FILTER DETECTOR I
0——'* | /220 I
SHIFTER CONTROL |
UNIT | 218 ]
1
/202 /208 /2 2 |
LOW-PASS AuDIO
— DETECTOR FILTER AMPLIFIER

FIG.5

John P, Costas

INVENTOR,

BY C/¢‘512 ’7%4zak

ATTORNEY



July 31, 1962 J. P. COSTAS . 3,047,660
MEANS FOR OBTAINING CHARACTER TIME IN A RADIO
COMMUNICATION SYSTEM RECEIVER
Filed Jan. 6, 1960 7 Sheets-Sheet 6

SIGNAL
INPUT

OUTPUT
620 B+ 800

a0 s
FIG.8
46 SAMPLER /70 ad
MARK -
FOI SPACE :
54) 708\‘:03;@ DECISION TRAIN A
AvERAGING (F, [~ 1 ——
CIRCUIT I 1 7oo_|
ool g ]
, 702 I,
706 l l
s | |
RAGIN L
memene L 4 T |
)
710—{”’./ MARK TRAIN B
\—o SPACE
| oecision }-70
714 ,
o John P.Costas
F I(B' 10 INVENTOR,
BY T/M&Zm& W

ATTORNEY



July 31, 1962 J. P. COSTAS 3,047,660

MEANS FOR OBTAINING CHARACTER TIME IN A RADIO
COMMUNICATION SYSTEM RECEIVER

Filed Jan. 6, 1960 7 Sheets-Sheet 7

BLANK . MARK
— ( }a—— 8 MESSAGE BITS —— gl

BLANK\\

[<—— 8 MESSAGE BITS — ] b—

ALAA AN AN A AAL
T Y

mppns q - gasee L
G
. |
FIG.9 som p Sesee.
BY Vpidpe Wnatit

ATTORNEY



United States Patent Office

3,047,660

Patented July 31, 1852

1

3,047,660
MEANS FOR OBTAINING CHARACTER TIME IN A
RADIO COMMUNICATION SYSTEM RECEIVER
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This invention relates to data communication systems.
More particularly, it relates to a receiver for an improved
radio Teletype communication system which has advan-
tageous gain and improved bandwith requirements.

Heretofore, in radio Teletype systems, frequency shift
keying has been utilized for mark-space signal transmis-
sion. In a paper by Doelz and Heald entitled “A Pre-
dicted Wave Radio Teletype System,” 1954 IRE Conven-
tion Record, part 8, pp. 63—69, there is described a system
which exhibits an 8 db power advantage over a frequency
shift keying system. Such “Predicted Wave” system: may
be regarded as a frequency shift keying system with the
exception that the detection technique employed therein
is different from conventional techmiques. Thus, the
mark and space signals are transmitted by frequency shift
keying, but at the receiver, a semi-coherent detection and
integration technique is employed for both the mark ‘and
space channels. A pair of integrators in the receiver
provide two outputs, and a comparison of these two out-
puts determines the mark or space decision for a given
baud. In the Doelz and Heald paper, it is pointed out
that by the. use of such integrator output comparisons,
flat fading can be accommodated without the use of limit-
ing amplifiers,

In a paper by John P. Costas entitled, “Phase-Shift
Radio Teletype,” published in the Proceedings of the IRE,
vol. 45, No. 1, January 15, 1957, on pp. 16-20, there is
discussed, in theory, a phase shift radio Teletype system
and a comparison of its theoretical operation with the
“Predicted Wave” radio Teletype system disclosed in the
aforementioned Doelz and Heald paper. To make such
comparison, a message structure similar to that employed
in the Doelz and Heald system is assumed. This mes-
sage structure is re-timed by storage techniques into a 7
baud character of 156 ms. duration with equal times as-
signed to each baud. Such time is somewhat shorter than
the shortest character time for a sixty word per minute
Teletype so that the transmission system stays ahead of
the Teletype at all times. The Costas paper shows, essen-
tially through a mathematical analysis, that a phase shift
radio Teletype system has a substantial power advantage
- over both a frequency shift keying system and a predicted
wave system.

Thus, if a receiver can be provided which will acou-
rately detect information from a received carrier wave
whose frequency remains unchanged but whose phase
changes from zero to 180° with a mark-space transition,
a substantial gain in power and efficiency and, depending
upon the shape of message pulse that is used, a reduction
of bandwidth requirements is achieved.

The operational requirements of such a receiver con-
sist in the establishment of timing pulses at the receiver
which indicate the beginning of a character and also the
center of each bit interval of the bits which make up a
character. This timing information has to be obtained
automatically and accurately even in the presence of fairly
large amounts of noise or interference. Furthermore,
the operation of the timing system of the receiver must
not be affected by the message structure, i.e., the timing
system must operate properly no matter what message
is sent, whether it be all marks, all spaces, or an intermix-
ture of each. In addition, it is highly desirable that syn-
chronizing information be contained in the message itself
rather than the including in the transmission of special
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synchronizing signals either at an out-of-band frequency
or in quadrature phase.

It is an important object of this invention to provide
means for obtaining character time automatically in a
receiver in a radio Teletype system.

It is another object to provide a receiver as in the pro-
ceeding object wherein synchronizing information for ob-
taining character time is not required to be transmitied
with the transmitted message.

Generally speaking, and, in accordance with the inven-
tion, there is provided a receiver for providing mark-
space, bit time and character time information in a radio
Teletype system wherein there is utilized a transmitted
carrier wave whose phase is shifted by 180° during a
mark-space transition. The wave is effectively a sup-
pressed carrier amplitude modulated signal modulated by
a message signal comprising bits which are positive and
negative pulses, each of the bits having equal widths, a
chosen number of bits comprising a single character, an
interval of bit width between successive characters, one
set of alternate intervals being blanks, the other alternate
set of intervals containing a bit pulse of a chosen polarity.

The receiver comprises synchronous detecting means
for demodulating the carrier wave and for phase locking
the detected message signal with the phase of the carrier
wave, the synchronous detecting means having 0° and
180° stable phase lock conditions with respect to the
phase of the carrier wave. ‘A generator is provided for
producing a first signal having the frequency of the mes-
sage signal pulse rate and means are included to phase
lock the first signal, the latter phase locking means also
having 0° and 180° stable phase lock conditions. From
the phase-locked first signal, there are produced by suit-
able pulse generating means, first and second pulse trains,
the pulses of one of the trains occurring substantially
at the respective centers of the bits of the detected mes-
sage signal, the pulses of the other of the trains gceurring
substantially at the respective points between adjacent bits
of the detected message signal. First and second sam-
pling means are included for sampling the output of the
synchronous detecting means with the first and second
pulse trains respectively and first and second substantially
unidirectional potentials are derived which are propor-
tional to the average magnitude of the outputs of the first
and second sampling means respectively, regardless of the
respective polarities of the outputs. Means are provided
for comparing these first and second potentials to deter-
mine the greater thereof and first and second selecting
means responsive to such determination respectively se-
lect the pulse train of the first and second pulse trains
which comprises pulses cccurring at the respective cen-
ters of the message signal bits whereby bit time informa-
tion is provided and the output of either the first or
second sampling means which comprise pulsed samples
of the detected message signal taken at the respective
centers of the message signal bits. Third and fourth sub-
stantially unidirectional potentials are derived which are
respectively proportional to the average of the outputs
of the first and second sampling means and a third select-
ing means selects the lesser of the third and fourth poten-
tials. This latter selected potential together with the out-
put of the sampling means selected by the second selecting
means are applied in additive relationship in a first D.C.
correction means, the output of the last named means
being samples of the centers of the message bit intervals
D.C. corrected for any D.C. shift in the message signal
caused in the synchronous detecting means and the latter
selected potential is also applied in additive relationship
together with the output from the synchronous detecting
means in the second D.C. correction means whereby the
output of the synchronous detecting means is also cor-

‘rected for any D.C, shift caused by the detecting means.
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" Means are provided for generating a second signal having
a period equal to the sum of the periods of two charac-
ters and two bit intervals and such signal is phase-locked
with the phase of the output of the second D.C. correc-
tion means. A generator is provided for producing a third
pulse train having pulses occurring at the zero crossover
points of the second phase locked signal, whereby the
pulses comprising the third pulse train occur substantially
at the respective centers of the intervals which separate
successive characters. These pulses are essentially char-
acter time pulses. To insure the accurate occurrence in
time of the character time pulses, they may be utilized to

enerate a gate, i.e. applied to a one-shot multivibrator
and the output of the multivibrator may be applied to-
gether with pulse train of the first and second pulse train
selected by the first selecting means to gate out a charac-
ter time pulse. A fourth pulse train is provided, suitably
from the third pulse train, and comprising pulses occur-
ring at the center of those alternate intervals between
characters cccupied by a bit pulse and third sampling
means is included to sample the output of the second D.C.
correction means. A substantially fifth unidirectional
potential is derived from the output of the third sampling
means and polarity sensing means is provided which
controls the polarity of the output of the first D.C. cor-
rection means, i.e. if the polarity of the fifth potential is
the same as the polarity of the bit pulses occupying alter-
nate intervals between characters, the polarity of the out~
put of the first D.C. correction means is unchanged and
if the polarity of the fifth potential is the opposite of that
of the interval bit pulses, the polarity of the output of the
first D.C. correction means is inverted. By the latter
arrangement, the polarity ambiguity existing due to the
two stable phase lock conditions of the synchronous de-
tecting means is resolved and frue mark-space information
is provided.

The features of this invention, which are believed to be
new are set forth with particularity in the appended
claims. The invention itself, however, may best be un-
derstood by reference to the following description when
taken in conjunction with the accompanying drawings
which show an embodiment of a receiver according to
the invention.

In the drawings, FIG. 1 is a functional block diagram
of a phase-shift radio Teletype system;

FIGS. 2 and 3 taken together as in FIG. 4 isa block
diagram of a receiver in accordance with the invention
utilizable in the system of FIG. 1;

FIG. 5 is a block diagram of a synchronous detector
suitable for use in the system depicted in FIGS. 2 and 3;

FIG. 6 is a schematic drawing of the detector of FIG.5;

FIG. 7 is a schematic diagram of an example of a sam-
pling circuit suitable for use in the system of FIGS. 2
and 3;

FIG. 8 is a schematic diagram of an example of a
circuit suitable for providing the polarity control of the
mark-space output of the system of FIGS. 2 and 3;

FIGS. 9A-9H taken together is a timing diagram of the
various wave forms respectively occurring at given poinis
in the system of FIGS. 2 and 3; and »

FIG. 10 is a suitable example of 2 D.C. voltage com-
parator and selecting means utilized in the system of
FIGS. 2 and 3.

Referring now to FIG. 1, there is shown in brief func-
tional outline, a synchronous radio Teletype system utiliz-
ing phase shift instead of frequency shift, as described in
the hereinabove set forth Costas paper.

In this system, a carrier wave is transmitted whose fre-
quency remains unchanged but whose phase changes from
zero to 180° with a mark-space transition. Detection of
this wave requires ‘a coherent or phase-sensitive detector.

In the system of FIG. 1, the sub-carrier oscillator 10
having a frequency f, provides an output voltage cos wgl.
A mark-space generator 12 together with a shaper 14 pro-
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vides an output s(¢). If it is assumed that the output of
shaper 14 is a square wave of =E volts, the output of the
balanced modulator 16, ie. the transmitted signal be-
comes == E cos wgt (the 4 or — being determined by mark
or space). It is to be noted that the use of a balanced
modulator indicates that the transmiter is a double-side-
band suppressed-carrier transmitter. If the synchronous
detector 18 in the receiver is assumed to operate as a
multiplier and if the cutoff frequency f. of the low-pass
filter 20 is adjusted to pass only the frequency band occu-
pied by the s(¢) square wave, the s(¢) wave will appear
at the output of low-pass filter 29. This square wave is
sampled and the appropriate mark-space decision is made
in the sampling and decision stage 22. It is to be noted
that with this system, pre-detection filtering is not required
since receiver selectivity is determined by the low-pass
post-detector filter 26. It is further to be noted that the
Jow-pass filter output noise power is equal to the pre-
detector noise power which falls in the frequency band
fs—Ffo to fo+-fo. In the presence of noise, the low-pass
filter output is sampled at the center of each baud inter-
val. If this sample is positive, a mark decision is made;
if the sample is negative, a space decision is made. With
such arrangement, flat fading effects are substantially
eliminated without the use of limiting circuits. There is,
however, an increased probability of error as the signal
to noise ratio worsens, but as is well kown, this is in-
evitable in any system.

The Costas paper explains the required band width for
the system of FIG. 1. In this connection, the paper
states that since the phase of a wave cannot be changed
instantaneously without requiring infinite bandwidth and
since instantaneous frequency and amplitude changes also
require infinite bandwidth, to permit bandwidth conserva-
tion, a shaper circuit and a balanced modulator are em-
ployed in the transmitter of FIG. 1 to permit a phase
transition of the transmitted signal between mark and
space rather than an abrupt change. Shaper 14 converts
the output of mark-space generator 12 into a pulse train
s(#) composed of individual pulses p(z). A positive p(t)
pulse results for a mark and a negative p(z) pulse results
for a space. With this arrangement, the output of bal-
anced modulator 16 is 2 wave having both amplitude
variations as well as phase reversals and is a suppressed-
carrier AM signal whose modulation consists of the pulse
train s(¢). It is evident that this prevents the use of class
C amplification of this type of signal, but since in the com-
mon multiplex operation of Teletype channels, class C
amplification would not be possible even if the individual
sub-channel signals were of a constant amplitude, phase-
shifted variety, no practical advantage is lost by the shap-
ing arrangement of FIG. 1. A bandwidth conservation
per sub-channel thus can be realized which permits a
closer spacing of sub-carrier frequencies in multiplex
operation.

In the system of FIG. 1, if the minimum bandwidth is to
be availed of, the pulse shape p(¢) preferably should
have the form

sin wel

p()=E———

ok (1)
This pulse shape is the classical one which has no fre-
quency components beyond f, and permits independent
sample values to be transmittéd at a rate of 2f.. Thus, for
a given mark-space transmission rate, the pulse shape
defined by Equation 1 results in the minimum bandwidth
requirements for binary data transmission.

The considerations determining pulse shape and band-
width may readily be understood by the following ex-
planation.

If there is considered a signal voltage S(¢) composed of
a train of pulses p(f) occurring at regular intervals and
if the pulses p(¢) appear with equal probability of being
positive or negative and if each pulse is independent of all
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other puses, then the autocorrelation function of S(#),
$ss(7), s given by

sty =m [ " pOp(t+oat @

where m is the pulse rate. Further, if the pulse is as-
sumed to be of a duration T,, Equation 2 may be written
as

au)=m [0 ppotnas 3

where zero time represents the center of the pulse dura-
tion interval.

The power density spectrum of S(r), ®(w) may be
found by taking the Fourier Transform of the autocorre-
lation function ¢(). This yields

Pss(w)=2rm|P(w)[? 4)

where P(w) is the Fourier Transform of p(f) as given by

P(w) =%r f_“mp(z)e—swtdz )

‘Since the pulse is assumed to exist only for a time T,
Equation 5 may be rewritten as

p— 1 To2 —~jwt,

Po)=5- f_Tolzp(t)e ety ©6)
In the interval (—7,/24-T,/2), if the pulse is sym-

metric about zero time, p(¢) may be expressed as
p(t)=%+2an COS Nwol )

=1
where

wg=2m/T, (8)

When Equation 7 is substituted into Equation 5, there re-
sults

_ T sinwTp/2, 2 sin (07,/2—~nw)

plo)= 47r{"° wToj2 ?;;“[ (0 To/2—nm)

+ sin (o T,/24-nx) }

(wTof2+nw)
9
It is to be noted that
P(nwy) =Toa,/4n 106)
signifying that
Des(nwe)=mT2a,2/8x (11)

Thus of the Fourier Series expansion for p(¢) is limited to
N terms, the power density spectrum. will be zero at
w=(N+1)w, and for all n greater than N+4-1. The
power spectrum will not be zero for frequencies between
these points, but it can be shown that very little energy
exists beyond w=(N-+1)w, and that this frequency es-
sentially specifies the bandwidth requirements for the
pulse train. (There can be no absolute cutoff frequency
since the train is made up of time limited pulses and a
pulse which is limited in time cannot be also bandlimited
in frequency).

As for pulse shaping, once the bandwidth is determined,
the non-zero a,’s may be chosen for puise-shaping to meet
design requirements.

Once the pulse shape is specified, the average power of
S(¢) can be evaluated by substituting Equation 7 into
Equation 2 and letting = be zero. The result is

nIf ) S0
2 2 +7JZ=‘1 $¢¥
Thus, assuming that the message structure utilized in
the system of FIG. 1 is a 7 baud character of 156 ms.
duration with equal times assigned to each band, then
the cutoff frequency of low-pass filter 20 has to be made

equal to about 22.5 cycles per second if pulses according
to Equation 1 are used. From Equation 12, it can be

Pogye= (12)

(53
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shown that the average signal power input to the receiver
synchronous detector 18 is

Pgve=F2/2 (13)

If noise is present at the input to the synchronous de-
tector, the noise power at the low-pass filter output will
be equal to the total predetector noise power falling with-
in 22.5 cycles in either side of the local oscillator fre-
quency. In other words, using the above message struc-
ture the receiver of FIG. 1 displays an effective pre-
detector bandwidth of 45 cycles which is twice the cutoff
frequency value of the low-pass filter.

The pulse-to-pulse time overlap utilizing the pulse shape
defined in Equation 1 introduces a problem which can
be avoided by a deviation from the classical pulse shape
defined by this equation. In the message structure as as-
sumed, the length of the period of each baud is about 22.2
ms. If some time overlap into adjacent baud periods (say
25%}) is assumed, each pulse could be permitted a dura-
tion of 1.5X22.2 ms. or 33.3 ms. This would still leave
the middle 50% of each baud interval free of adjacent
pulse voltages and the sampling accuracy requirements of
the receiver would be reasonable. Thus, a pulse shape
p(t) may be chosen having the form

E To TO
=50 +eos at), (—P<i<l) g
where
wo=% T,=0.0333 sec. (15)

If T, is chosen to be 33.3 ms., the pulse defined by Equa-
tion 14 has a peak value of E volts and a duration of 33.3
ms. A pulse train S(#) made up of such pulses requires a
base-band frequency of 60 c.p.s. and the average rf signal
power put into the receiver synchronous detector is

Pave=0.281E? (16)

"It is seen that either using the pulse shape defined by
Equation 1 or 14, a signal of E volts is produced at the
output of low-pass filter 20. If noise is not considered,
the utilization of the pulse shape defined by Equation 14
shows a power advantage over the utilization of the pulse
shape defined by Equation 1 of 0.500/0.281 or 2.51 db.
However, if noise is present, the 2.51 db advantage is lost
due to the increased bandwidth requirements utilizing the
pulse shape defined by Equation 14. Thus, returning to
the message structure of 22.2 ms. per baud period utilizing
a low-pass filter with a cutoff frequency of 60 cycles
rather than one of 45 cycles, a filter output noise power in-
crease of 120/45, ie. 4.27 db results. This leaves
4.27—2.51 or a 1.76 db signal-to-noise ratio advantage
using the pulse shape of Equation 1. However, it is seen
that a practical design for pulse shape p(¢) to be used in
the system of FIG. 1 results in a system performance
which is within 2 db of the theoretical limit permitted by
the use of the pulse shape defined by Equation 1.

Referring now to FIGS. 2 and 3 taken together as in
FIG. 4, there is shown a receiver in a synchronous radio
Teletype system in accordance with the principles of the
invention. The signal received is a carrier wave whose
phase is shifted 180° by a mark-space transition, In the
interests of bandwidth conservation, abrupt changes do
not occur but instead the amplitude as well as the phase
are changed for transmission of marks and spaces. When
such changes are made in the carrier wave, the net result
is a suppressed-carrier AM signal modulated by specially
shaped positive and negative pulses. As described here-
inabove, the “raised cosine” pulse shape defined by Equa-
tion 14 may be advantagecusly chosen to modulate a
double sideband transmitter, i.e., from balanced modula-
tor 16 of FIG. 1, although rectangular pulses may also
suitably be utilized, FIG, 9A depicts such a raised cosine -
modulating message signal, This message signal com-
prises a pulse train at the baseband frequency comprising
raised cosine pulses. Each character has been chosen to
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comprise 8 message bits but such choice obviously has
been made for convenience of illustration and any number
of bits per character may be chosen.

The modulated carrier signal is applied to a synchronous
detector receiver 30. At this point it is convenient to
refer to FIG. 5, which is a block diagram of a synchro-
nous detector receiver and FIG. 6, which is a detailed
schematic diagram of the block diagram of FIG. 5. The
circuit of FIG. 5 is adapted for the reception and the
demodulation of double-sideband signals. It comprises
a pair of detectors 280 and 202. Detectors 26¢ and 282
are synchronous detectors for developing an output which
is proportional to an arithmetic product of the signals
applied to a pair of inputs thereof. For example, they
may comprise a frequency converter circuit such as the
type used commonly in radio receivers for converting
radio frequency signals into intermediate frequency sig-
nals.

Local oscillator 204 operates to develop a signal of
carrier frequency and may be a conventional radio fre-
quency oscillator whose frequency is controlled by a
reactance device which in turn is controlled by suitable
unidirectional potentials applied thereto. The local os-
cillator may also be a phase-shift type of oscillator and
the frequency control element thereof may include means
for varying the phase-shift of the feedback in the oscil-
lator thereby changing its frequency.

The output from local oscillator 204 and the double
side band signal to be demodulated are applied to detector
280, at the output of which there is derived a signal cor-
responding to the modulating signal and a component of
twice the frequency of the original carrier wave modulated
by said modulating signal as will be further explained
hereinbelow. The modulating signal is recovered by filter-
ing. The output of local oscillator 204 is shifted in phase
by 90° and also applied to detector 202 together with
the double side band signal. :

From the detector 202, there is produced an ouput hav-
ing frequency components similar to the frequency com-
ponents in the output of detector 200. This output in-
cludes a signal representing the modulating signal and
and another signal having twice the carrier frequency
modulated by the modulating signal. However, the am-
plitude and polarity of the modulating signal at the out-
put of detector 202 may be different from the amplitude
and polarity of the modulating signal at the output of
detector 269 by a factor which is a function of the magni-
tude and direction of departure of the phase of the Jlocally
generated signal from local oscillator 204 with respect to
the carrier wave as it would have been received had it
been transmitted.

The outputs of detectors 200 and 202 are applied re-
spectively to low-pass filters 206 and 208. These filters
remove the components from the respective detector out-
puts having twice the carrier frequency and signals having
the modulating frequency appear at the respective out-
puts thereof. These modulating signals are amplified
respectively by audio amplifiers 210 and 212, the outputs
of amplifiers 216 and 212 being applied to an audio phase
detector 214.

Audio phase detector 214 may be any of a variety of
detectors for deriving a signal having one polarity when
the signals applied thereto are in phase and another po-
larity when the signals applied thereto are ont of phase
with respect to each other, the amplitude of the derived
signal depending upon the relative magnitudes of the two
input signals. Thus, at the output of audio phase detector
214, there is obtained a voltage whose polarity and mag-
nitude vary in accordance with the direction and magni-
tude of departure of the phase of the signal from local
oscillator 204 with respect to the phase of the carrier
wave (if it were present) of the transmitted double side
band signal.

The smoothing filter 216 separates the unidirectional
current component from the alternating current com-
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ponents of the output of phase detector 214, The out-
put from smoothing filter 216 is applied to a frequency
control unit 213 which functions to control the frequency
of the local oscillator to maintain the output thereof in
phase with the carrier wave. Thus, it is seen that with
the arrangement of FIG. 5, not only is the modulating
voltage recovered at the output of audio amplifier 218
but the channel of audio amplifier 219 is also utilized
in conjunction with the channel of audio amplifier 212
to maintain local oscillator 284 in synchronism with the
carrier wave to obtain the desired modulating signal with-
out need for any transmitted carrier.

The operation of the system of FIG. 5 is readily under-
stood by considering an example. Let it be assumed that
the double side band suppressed carrier amplitude mod-
ulated signal is represented by the equation

Vi=fm(#) cos wet (17)

Let it further be assumed that the output of the local
oscillator 204 is represented by the equation

Vo==c0s (wot-48) (18)

where & is the phase error between the local oscillator
signal and the carrier signal. In Equation 17, fu()
represents the modulating signal which is assumed to have
a zero mean value. Since detectors 260 and 202 develop
an output proportional to the product of the inputs thereto,
the voltage at the output of detector 200 may be repre-
sented by the equation

Vs, ,—_f—"-‘gl[cos 5-+cos (2wot+90)]

Similarly, since the local oscillator input to detector 202
from local oscillator 284 is shifted 90° in phase with re-
spect to the corresponding input to detector 208 such
shifted input may be represented by the following equa-
tion
Vy==sin (wf+9) (20)
so that ‘at the output of detector 202, there is obtained
a voltage V; represe;nted by the following equation
S NOTR

=g [sin 6+4sin (2wo.t-+8)] 21
Since the double frequency components cos (2w,t-4-9) and
and sin (2w,t+8) of Equations 19 and 21 will not be
passed by filters 286 and 208, at the outputs of these
filters there is obtained respectively voltages Vg and Vg
represented by the following equations ’

Vﬁ=fm(t)2cos 5

V7=fm(t)2s1n 3

(22)

(23)

1f 5 is zero, voltage Vq will also be zero. Thus, the volt-
age Vy is indicative of the phase error. The error sense,
i.c. whether 5 is positive or negative may be determined
at once by comparing the relative polarities of Vi and V.

One way in which the information in Equations 22 and
23 can be used for phase control of local oscillator 284
is by means of audio phase detector 214, which develops
a unidirectional current component of voltage having a
polarity and magnitude corresponding to the direction of
phase error and magnitude thereof respectively in addi-
tion to alternating current components of voltage. The
unidirectional current component of voltage is obtained
at the output of smoothing filter 216 which removes the
aforementioned alternating current components. Thus,
the voltage applied to the frequency control unit 218 is
a voltage which is zero if no phase error exists and which
changes polarity when the phase error changes sign. Ac-
cordingly, in the manner described, a stable feedback
control is had of the phase of the output of local oscil-
lator 204.

In the circuit of FIG. 5, described in the preceding

(19)
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equal percentage of marks and spaces oVer a certain
period of time.

1t is understood that the message structure shown in
FIG. 9A is not mandatory. The character shown therein
which is composed of eight bits has been selected for
convenience of description in operation and explanation
of the invention and it is to be understood a character
composed of a greater or smaller number of bits than
the eight shown in FIG. 9A may be used. Similarly, as

to time for bit duration, this may also be selected depend- 1

ing on the design requirements of the system. For ex-
ample, a system having bit durations of 0.5 ms. requires
a base-band frequency of about 3 kc. Obviously, the bit
duration can be varied depending upon the channel ca-
pacity desired or the transmission conditions which are
expected. With the message structure shown in FIG. 9A
and with 0.5 ms. bits, the system of this invention has a
capacity of roughly 1,780 bits per second. If propeily
used, this permits the operation of about 60 teletype ma-
chines operating at 60 words per minute.

While there have been described what are considered
to be the preferred embodiments of this invention, it will
‘be obvious to those skilled in the art that various changes
and modifications may be made therein without departing

from the invention and it is, therefore, aimed in the ap- °

pended claims to cover all such changes and modifications
as fall within the spirit and scope of the invention.

What is claimed and desired to be secured by Letters
Patent of the United States is: :

1. In a radio Teletype system wherein there is utilized
a transmitted wave whose phase is shifted by 180° during
a mark-space transition, the wave effectively being a sup-
pressed carrier amplitude modulated signal modulated by
a message signal comprising bits which are positive and
negative pulses, each of the bits having equal widths, a
chosen number of bits comprising a single character, an
interval of bit width between successive characters, one
set of alternate intervals being blanks, the other set of
alternate intervals containing a bit pulse of a chosen
polarity; a receiver in said system for providing character
time information comprising phase locking synchronous
detecting means for demodulating said transmitted wave
and for -phase-locking the detected message signal with
the phase of the carrier contained in the sidebands of
the {ransmitted suppressed carrier signal, means for apply-
ing said transmitted modulated wave to said synchronous
detecting means, means for generating a signal for a period
equal to the sum of two characters and two interval
periods, means for phase-locking said generated signal
with the phase of said detected message signal, means for
applying said generated signal and said phase-locked de-
tected signal to said last named phase-locking means and
means responsive to the application thereto of said phase-
Jocked signal for generating a pulse train comprising pulses
oceurring at the zero crossover points of said generated
signal.

2. Tn'a radio Teletype system wherein there is utilized
a transmitted wave whose phase is shifted by 180° during
a mark-space transition, the wave effectively being a sup-
pressed carrier amplitude modulated signal modulated by
2 message signal comprising bits which are positive and
negative pulses, each of the bits having equal widths,
a chosen number of bits comprising a single character,
an interval of bit width between successive characters,
one set of alternate intervals being blanks, the other set
of alternate internate intervals containing a bit pulse
of a chosen polarity; a receiver in said system for provid-
ing character time information comprising phase locking
synchronous detecting means for demodulating the trans-
mitted wave and for phase-locking the detected message
signal with the phase of the carrier contained in the side-
bands of the transmitted suppressed carrier signal, means
for applying said transmitied modulated wave to said
synchronous detecting means, in circuit with means for

40

50

55

60

65

5

20

rectifying the output of said synchronous detecting means,
means for gencrating a signal having a period equal to the
sam of the periods of two characters and two interval peri-
ods, means for phase-locking the phase of said generated
signal with the phase of said rectified output of said syn-
chronous detecting means, means for applying said gener-
ated signal and said phase-locked detected signal to said
last named phase-locking means and means responsive to
the application thereto of said phase-locked generated sig-
nal for generating a pulse train comprising pulses occur-
ring at the zero crossover points of said generated signal.

5. In a radio Teletype system wherein there is utilized
a transmitted wave whose phase is shifted by 180° dur-
ing a mark-space tramsition, the wave effectively being
a suppressed carrier amplitude modulated by a message
signal comprising bits having equal widths, a receiver in
said system for providing character time information com-
prising phase locking synchronous detecting means re-
sponsive io the application of said transmitted wave for
demodulating said carrier transmitted wave and for phase
locking the detected message signal with the phase of
the fransmitted wave, means responsive to the application
thereto. of said detected message signal for generating a

“first signal having the frequency of the detected message

signal and for phase locking said first signal with the phase
of said detected signal, means for generating first and
second pulse trains in response to the application thereto
of said first phase locked signal, the pulses cf one of said
trains occurring substantially at the respective ceaters of
said bits of said detected message signal, the pulses of the
other of said trains occurring substantially at the respec-
tive points between adjacent bits of said detected message
signal, first sampling means for sampling the cutput of
said detecting means with said first pulse train, second
sampling means for sampling the output of said detecting
means with said second pulse train, means coupled to the
output of said first sampling means for deriving a first sub-
stantially unidirectional potential which is proportional to
the average, regardless of polarity, of the said output
of said first sampling means, means coupled to the output
of said second sampling means for deriving a second sub-
stantially unidirectional potential, which is proporticnal
to the average, regardless of polarity, of the output of
said second sampling means, means in circuit with both
of said sampling means for comparing said first and
second potentials, first selecting means responsive to the
greater of said first and second potentials for selecting
the output of the sampling means of said first and second
sampling means whose pulses occur at the center of the
bits of said detected message signal, means in circuit with
said first sampling means for deriving a third substantially

.unidirectional potential which is proportional to the aver-

age of the output of said first sampling means, means in
circuit with said second sampling means for deriving a
founth substantially unidirectional potential which is pro-
portional to the average of the output of said second
sampling means, second selecting means responsive to
the one of said third and fourth potentials which is de-
rived from the output of the sampling means whose
samples occur between message signal bits, D.C. correc-
tion means for adding said one of said third and fourth
potentials selected by said second selecting means to the
output of said synchronous detecting means, means for
generating a second signal having a period equal to the
sum of two character periods, means responsive to the
application thereto of said second signal and the output
of said D.C. correction means for phase locking the phase
of said second signal with the phase of the output of
said D.C. correction means and means responsive to the
application thereto of said phase locked second signal
for. generating a third pulse train comprising pulses at
the zero crossover points of said second signal.

4. In a radio Teletype system wherein there is utilized
a transmitted wave whose phase is shifted by 180° during
a mark-space transition, the wave effectively being a sup-





