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57 ABSTRACT 

In a transmission system a shift register controlled modulator 
matrix is employed to filter unwanted modulation products 
from the frequency band. 
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1. 

COMMUNICATIONSSYSTEM COMPRISING AMATRX 
NETWORK OF MODULATONELEMENTS 

The invention relates to a device for the transmission of in 
formation signals, which device is provided with an informa 
tion source, a carrier oscillator, a modulator and a shift re 
gister connected to the information source and having a plu 
rality of shift register elements whose contents are shifted by 
means of a control generator. 
A device for the transmission of binary pulses which occur 

in the rhythm of a clock frequency and in which the shift re 
gister elements of a digitally constructed shift register are con 
nected to a combination device through weighting networks, 
has special advantages for the transmission of these pulsatory 
signals (compare U.S. Pat. application Ser. No. 594,615, filed 
Nov. 1966 l now U.S. Pat. No. 3,500,215. By suitable propor 
tioning of the weighting networks a filter is obtained which 
satisfies all requirements for pulse transmissions in which filter 
not only the desired amplitude-versus-frequency charac 
teristics but also the linear phase-versus-frequency charac 
teristic required for pulse transmission can be realized in a 
simple manner, while in addition transfer characteristics once 
adjusted optimally, for example, in accordance with the 
Nyquist criteria for preserving equidistant zero crossings in 
the received signal, remain unchanged due to a fixed coupling 
between clock frequency and shift frequency even in case of 
varying operating conditions such as variations in the clock 
frequency. 
Furthermore, similar filters provided with shift registers 

may be used in the transmission of continuous information 
signals (analog signals), which analog signals are first con 
verted in an analog-to-digital converter into binary pulsese 
ries in accordance with a certain code. After the filtering 
process in the shift register provided with weighting networks, 
a decoding of the filtered pulse series follows so that the 
analog signal filtered in accordance with the desired transfer 
characteristic occurs at the output of the decoder (compare 
patent application Ser. No. 619,324, filed Feb. 28, 1967, now 
U.S. Pat. No. 3,521, 170. 
Such filters which are provided with shift registers and 

weighting networks are, however, alternatively suitable for 
more general use in the transmission of information with the 
aid of pulse-modulated carrier oscillations if, as described in 
patent application Ser. No. 728,706, filed May 13, 1968 the 
pulses to be transmitted are modulated in a digital modulator 
on a rectangularly shaped carrier oscillation whose frequency 
is equal an integral multiple of half the clock frequency. When 
using an arbitrary modulation method, for example, amplitude 
modulation, phase modulation or frequency modulation, the 
desired transmission mode may then be adjusted, for example, 
double sideband transmission, vestigial sideband transmission 
or single sideband transmission. It is even possible in these 
devices to completely correct the influence of the unwanted 
modulation products located within the frequency band to be 
transmitted by using a correction network, if the carrier 
frequency is equal to said integral multiple of half the clock 
frequency, so that a pulse transmission of optimum quality is 
achieved (compare patent application Ser. No. 840,409 filed 
July 9, 1969, now U.S. Pat. No. 3,611,143. 
Such devices for the transmission of information signals can 

be obtained with the aid of logic circuits without using reac 
tive elements and are therefore particularly suitable for 
complete integration in a semiconductor body, while a struc 
ture of the device as described in patent application Ser, No. 
19,437, filed Mar. 13, 1970 now U.S. Pat. No. 3,624,427 pro 
vides great reliability of operation and substantial suppression 
of unwanted phenomena, for example, reactive effects, cross 
talk and interferences as a result of mutual differences 
between components of the circuit, so that a pulse transmis 
sion of optimum quality is obtained even at pulse frequencies 
of many MHz. 

It is an object of the present invention to provide a different 
concept of a transmission device of the kind described in the 
preamble in which all advantages of the devices described 
hereinbefore are maintained in combination and in which par 
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2 
ticularly a general usability is obtained, while in addition the 
freedom of choice of the carrier frequency is considerably 
enhanced while yet preventing unwanted modulation products 
from occurring in the frequency band to be transmitted. 
According to the invention the transmission device is 

characterized in that the carrier oscillator is also connected to 
a shift register having a plurality of shift register elements 
whose contents are shifted by means of a control generator, 
while the transmission device is furthermore provided with a 
matrix network whose nodes incorporate modulation ele 
ments, the input circuits of which are connected to both the 
shift register elements in which the information signals are 
shifted and to the shift register elements in which the carrier 
signals are shifted, while weighting devices are connected to 
the output circuits of the modulation elements, the different 
weighting devices being connected to a common combination 
device the output of which constitutes the output of the trans 
mission device. 

In this respect it is to be noted that a matrix network is un 
derstood to mean a grid comprising at least two rows and two 
columns. The shift registers used may be constituted both by 
digital technique shift registers are built up from a plurality of 
bistable triggers, and by analog technique shift registers built 
up from a plurality of capacitive storage elements (capacitive 
shift register); in both cases the contents of the shift register 
elements are shifted in a rhythm corresponding to the frequen 
cy of the control generator, so that dispersion of the signals 
stored in the shift registers does not occur. Logic circuits are 
preferably used as modulation elements, particularly selection 
gates such as, for example, AND-gates, OR-gates and Exclu 
sive OR-gates (modulo-2-adders). 

In order that the invention may be readily carried into effect 
a few embodiments thereof will now be described in detail by 
way of example with reference to the accompanying diagram 
matic drawings, in which: 

FIG. 1 shows a device according to the invention which is 
constructed as a modulator in a transmission system for binary 
synchronous information pulses; 

FIG. 2 shows a few time diagrams to explain the operation 
of the device shown in FIG. 1; 

FIG. 3 shows a few frequency diagrams to explain the 
operation of the device of FIG. 1; 

FIG. 4 shows the envelope of the frequency spectrum of a 
vestigial sideband signal generated with the aid of the device 
of FIG. 1; 

FIG. 5 shows a modification of the device of FIG. 1 for 
generating single sideband signals by means of pseudoternary 
coding; 

FIG. 6 shows a modification of the device of FIG. 1 pro 
vided with an additional attenuation network; 

FIG. 7 shows a modification of the device of FIG. 1 for 
generating frequency-modulated signals; 

FIG. 8 shows a few time diagrams to explain the operation 
of the device shown in FIG.7; 

FIG. 9 shows a modification of the device of F.G. 1 for 
generating orthogonal signals; 

FIG. 10 shows a block diagram of the function unit which 
underlies the operation of the device according to the inven 
tion; 

FIG. 11 shows a parallel arrangement of several function 
units in accordance with FIG. 10; 

FIG. 12 shows a few frequency diagrams to explain the 
operation of the device shown in FIG. 1 as an amplitude 
modulator; 

FIG. 13 shows a few suitable frequency characteristics for 
generating pseudoternary coded pulse series with which single 
sideband modulation in accordance with the phase method is 
possible; 

FIG. 14 shows a function diagram of the device of FIG.7 for 
generating frequency-modulated signals; 

FIG. 15 shows a function diagram for the function unit 
which underlies the operation of the device according to the 
invention, provided with an arbitrary number of shift registers; 
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FIG.16 shows a function diagram of a technically important 
configuration of the device according to the invention; 

FIG. 17 shows a diagram of the principle for generating 
time-delayed functions; 

FIG. 18 shows a function diagram of a device according to 
the invention, provided with three shift registers for generat 
ing single sideband signals; 

FIG. 19 shows a diagram of the embodiment of the device of 
FIG. 18 for generating single sideband signals; 
FIG. 20 shows the block diagram of the known N-path-filter 

(Nase 3); 

5 

O 

FIG. 21 shows the function diagram of the N-path-filter ac- . 
cording to the invention; 
FIG.22 shows the diagram of the embodiment of the func 

tion diagram of FIG. 21 of an N-path-filter; 
FIG. 23 shows a device according to the invention for 

generating a carrier frequency raster; 
FIG. 24 shows a frequency diagram to explain the device of 

FG. 23. 
FIG. 1 shows the modulator of a transmission system for bi 

nary synchronous information pulses. The frequency band to 
be used lies, for example, between 300 and 3300 Hz, while the 
transmission speed is, for example, 1200 Baud. The instants of 
occurrence of the binary information pulses originating from 
an information source 1 coincide with the pulses of a series of 
equidistant clock pulses which are provided by a clock-pulse 
generator 2 at a repetition frequency f of, for example, 1,200 
Hz. The information pulses are applied to a shift register 4 
which consists of a plurality of shift register elements 5,6,7,8, 
9, 10, 11, 12, 13 and 14. The shift frequency f. of the shift re 
gister 4 is equal to an integral multiple of the clock frequency 
f of the clock pulse generator 2 and is generated with the aid 
of a control generator coupled to the clock pulse generator 2 
and formed as a multiplier 3. The shift frequency f. is, for ex 
ample, twice the clock frequency f. and equals 2,400 Hz. 
The carrier oscillator in the form of a carrier pulse genera 

tor 15 provides a series of equidistant carrier pulses which are 
applied to a shift register 17 having a plurality of shift register 
elements 18, 19, 20, 21, 22, 23, 24, 25, 26 and 27. The carrier 
pulse frequency f. is, for example, 1,800 Hz. The shift 
frequency f, of shift register 17 is an integral multiple of the 
carrier frequency f. of the carrier pulse generator 15 and is 
likewise generated with the aid of a control generator coupled 
to the carrier pulse generator 15 and formed as a multiplier 
16. The shift frequency f. is, for example, 10 times higher than 
the carrier frequency f. and equals 18 kHz. 
The output circuits of the shift register elements of both 

shift registers 4 and 17 are connected to a matrix network 28. 
In this matrix network 28 the nodes of the output circuits of 
the shift register elements of both shift registers 4 and 17 in 
clude modulation elements 30 through 150 which establish a 
logic combination of the stored binary pulses. The output 
signals of the modulation elements 30-150 are weighted with 
the aid of weighting networks constituted by attenuation net 
works 151 through 271 and a combination device 29. The sum 
of the weighted output signals of the modulation elements 
30-150 then occurs at an output 272 of the combination 
device 29. 
To explain the operation of the device of FIG. 1 in greater 

detail, FIG.2 shows a few time diagrams. 
The curve a shows an arbitrarily chosen series of informa 

tion pulses 1101 at the output of information source 1. The 
pulse duration T = 1/f of an information pulse and likewise 
the storage period r = 1/f, which is equal to the time interval 
between successive shift pulses controlling the shift register 4, 
are shown in FIG. 2. The curve b shows the series of carrier 
pulses of the carrier pulse generator 15. The storage period 8 
sc 1/f, which is equal to the time interval between successive 
shift pulses controlling shift register 17, is likewise shown in 
FIG.2. The curves canddshow the input signals of the modu 
lation element 48 which is chosen as an arbitrary example, in 
this case curve c can be recognized as the pulse series a 
delayed over a period t and curve d as the pulse series b 
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4. 
delayed over a period 35. In the case of a multiplicative com 
bination of the input signals c and d the modulation element 
48 formed as a selection gate, in this case an AND-gate, pro 
vides the output signal shown at e in FIG. 2. The sum of the 
output signals weighted by the weighting networks 151, 29 
through 271, 29 then occurs at the output 272. The higher 
frequency components which are already greatly suppressed 
in the output signal at the output 272 are eliminated by the 
frequency characteristic of the transmission path or, op 
tionally, by the interposition of a very simple bandpass filter. 
The nature of the output signal depends on the choice of the 

weighting networks. The transfer coefficient Cy u. from the 
output of a modulation element to the output 272 is deter 
mined by the attenuation network connected to the modula 
tion element and the network 29 functioning as a combination 
device, in which y indicates a shift register element of shift re 
gister 4, reckoned from the center of the shift register 4 and 
with opposite sign on either side of this center, while ps. 
likewise indicates a shift register element of shift register 17 
likewise reckoned from the center of shift register 17 and with 
opposite sign on either side of this center. Thus, for example, 
the transfer coefficient from the modulation element 31 to 
output 272 (determined by the networks 152 and 29) is in 
dicated by C-s, from modulation element 60 to output 272 
by C-, from modulation element 150 to 272 by C-s etc. 

If the transfer coefficients are proportioned, for example, in 
accordance with the equations: 

Cog coc (a) ac cus 
n-m mawr a -- -- C - 4. (a) as Sl (2n O) COS (u2t ) pu 2cue 

( 9 g. c. si dogY. ac = 9. Cru o, o." (2n O) COS (u2t ) It 2cue 
(1) 

cus 0, lu) > 
v = 0, it 1, t2, , it in 
pu is 0, it l, t2, . . ., tm (2) 

in which si(x) is the abbreviated notation for (sindb)/ab, the am 
plitude-modulated signal qualitatively shown by curve f in 
FIG. 2 is obtained, as will be proved mathematically 
hereinafter with the aid of Fourier transform techniques. To 
realize both positive and negative transfer coefficients Cup 
the modulation elements 30 through 150 are provided with 
complementary outputs. 
For the embodiment shown in FIG. , there applies: n = n = 

5. The radial frequency a = 2n findicates half the bandwidth 
of the AM-signal. Further to the exemplary valuesfs of2rre 
2,400 Hz, f= a12ar = 18 kHz and f = af2T = 1,800 Hz, the 
value of 600 Hz is found for the 3 dB bandwidthf. 

If the equation: 
os/2auci, i=1,2,3,... (3) 

IS satisfied, an optimum suppression of the harmonics of 
the carrier frequency is obtained. For the values given in the 
present example the harmonics of the carrier frequency of the 
order 1 to 7 inclusive and the associated frequency bands are 
completely suppressed, as will be explained hereinafter. Con 
sequently, at a carrier frequency of 1,800 Hza greatly reduced 
component only occurs at 16.2 kHz. 
The phenomena in the frequency range will be explained 

with reference to FIG. 3. The envelope of the spectrum F(a) 
is shown at a for an arbitrary series of information pulses hav 
ing a pulse duration T= 1/f which pulses are derived from the 
information source 1. An amplitude-modulated signal whose 
spectrum has the envelope shown at b in FIG.3 then appears 
at the output 272 of the device. In this case it is assumed that 
half the bandwidth a corresponds to of2. If the frequency 
components located outside the information band and being, 
as already described, greatly suppressed are eliminated by the 
frequency characteristic of the transmission path or by the in 
corporation of a simple bandpass filter, then this leads to an 

4hara as him 
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envelope of the AM-signal having a shape as shown at c in 
FIG. 3. Such a signal may be demodulated by known methods 
which will not be further referred to. 
The modulation process and the filtering process in the 

device according to the invention take place without using 
reactive elements in this device, that is to say, only active ele 
ments and resistors are used. Consequently, this device is par 
ticularly suitable for integration in a semiconductor body, 
while in addition unwanted modulation products and har 
monics are greatly suppressed. The device according to the in 
vention is distinguished from the known devices by its striking 
advantage that unwanted modulation products do not occur at 
all within the frequency band to be transmitted, which up till 
now has not been the case in the known devices. On the one 
hand there is great freedom in the choice of the repetition 
frequency of the information pulses and the carrier pulses, 
while on the other hand it is possible to completely eliminate 
the unwanted modulation products, which are already greatly 
suppressed, by extending the number of shift register ele 
ments. 
The device according to the invention is not only distin 

guished by the advantages mentioned hereinbefore, but also 
by its general application. Particularly a variation in the 
transfer coefficient Cupu optionally together with a variation 
in the type of selection gate used as a modulation element 
makes it possible to adjust to any modulation mode, for exam 
ple, phase modulation, vestigial sideband modulation, single 
sideband modulation, frequency modulation or orthogonal 
modulation, as will now be further described with reference to 
FIGS. 5 - 9. The prescriptions for proportioning will be 
mathematically derived hereinafter. 

It is alternatively possible to generate a vestigial sideband 
signal with a device as shown in FIG. 1. To this end only the 
transfer coefficients C are to be varied: 
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increasing values of m and n. 
FIG. 5 shows a modification of the device of FIG. 1 for 

generating a single sideband signal having comparatively small 
values of m and n in which the elements corresponding to 
those in FIG. I have the same reference numerals in FIG. 5. 
As already described, for example, in the U.S. Pat. application 
Ser. No. 532,744, filed Mar. 8, 1969 or in the article by P. 
Leuthold and F. Tisi, "Ein Einseitenbandsystem fir Datenti 
bertragung' (Archiv der Elektrischen Ubertragung 21 (1967) 
Vol. 7, pages 354-362) it is recommendable for single side 
band modulation systems for binary information pulse series 
to subject the series of information pulses to a code conver 
sion prior to the modulation process during which the original 
series of binary information pulses is converted into a series of 
likewise binary information pulses in such a manner that a 
three-level signal is produced in the receiver after demodula 
tion of the single sideband signal, which three-level signal is 
converted into the original series of binary information pulses 
by means of full-wave rectification. Such a binary code con 
version is efficiently achieved by means of a transformation 
element 273 whose output signal is constituted by modulo-2- 
addition of the information pulses delayed over a period of 
time kT wherein k is an integer and T is the pulse duration of 
an information pulse. The number k preferably chosen to be 
equal to 2. Such a code conversion is alternatively achieved by 
using twice change-of-state modulation (binary differential 
modulation) on the series of information pulses. It is then 
found that the same code conversion is obtained generally for 
k=2", wherein n is an integer, as when applying k times binary 
change-of-state modulation on the series of information pull 
ses. Single sideband modulation and filtering are carried out in 
the matrix network 28. The transfer coefficients C must 
then be chosen in accordance with the equation below which 
will be derived hereinafter: 

Pg. Oc. : gY. Pe) + ri ( O) ( ) s to caps si (2n O) COS (u2t ) - ciu27t a) sin pu27t os/ Ip ( 2a) 

- 1992. Pe. is; 1992 . Pe) + cj i) sin ( i) - og C = 2i. si (v2r ) COS (u2r i): ci (2n ...) sin (u2t), ul-ji. (4) o 
us 

0, |p) >3. 

4 cos (2n O) A sin (2n iii-, all cos(2r): it sin (2n), al-g S - (2v O) es - (2. O) (as Cur 
(a) (a) 

(5) 

C =F 2 coa () 1 + cos (2n ..) sin (2n ..) 
iii. - ... cos ( 1)+ ... sin (2n), |= U8 - (2v O) s - (2. O) 95 ?oc car (a) 

to, 98 lu? >i. 

In this equation ci (d) is an abbreviated notation for the func 
tion (1-cos d)fab. If the positive sign is chosen in Equation 
(4), the lower sideband is produced; in the other case the 
upper sideband is produced as a resulting signal. FIG. 4 shows 70 
the envelope of the vestigial sideband signal in the last-men 
tioned situation. Also in this case the Equations (2) and (3) 
apply. As will be referred to hereinafter, the generated vestigi 

Also in this case the lower sideband or the upper sideband is 
produced dependent on the choice of the sign in Equation (5) 
for the transfer coefficients (positive or negative). The band 
width o of the single sideband signal then becomes equal to 
half the clock frequency af2 of the information pulses. 

F.G. 6 shows a modification of the device of FIG. , for 
generating a phase-modulated signal in which elements cor 

al sideband signal changes into a single sideband signal upon 75 responding to those in FIG. 1 have the same reference nu 

s 
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merals. In the device according to FIG. 6, a series of carrier 
pulses having a suitably chosen amplitude and phase is sub 
tracted from the amplitude-modulated signal which is 
generated by means of the matrix network 28, having transfer 
coefficients C, in accordance with Equation (1) so that a 
phase-modulated signal results. To this end, the attenuation 
network 274 through 284 are additionally connected to the 
output circuits of the shift register 17. The transfer coeffi 
cients C. from the output circuits of shift register 17 to the 
modulator output 272 which are determined by the networks 
274,29through 284,29 are to be proportioned as follows: 

1 ac. ( ) cus an amo - < 2 as cos pu2nt cos' lul 2a)c 

O) 
C = -loc. ( ..) - 99. 6) t 2 as cos pu27t coal' pl. 2a) ( 

us 
> 0, ipt 2a) 

In accordance with equation (2) there applies that: 
a 0, ti, 2, ... in (7) 

The modulation elements 30-150 in the device according to 
FIG. 1 may not only beformed as AND-gates but also modulo 
2 adders (Exclusive OR-gates). If the transfer coefficients are 
then proportioned invariably in accordance with Equation (1) 
the same phase-modulated signal as that in the device of FIG. 
6 is produced at the output 272. For this case the output signal 
of modulation element 48 is denoted at g in FIG. 2. This refers 
to the modulo-2 addition of the input signals shows at candid 
in FIG. 2 in which, as is apparent from FIG. 2, the series of 
carrier pulses d are phase-modulated by the series of informa 
tion pulses c. The sum of the output signals of the modulation 
elements weighted in the matrix network 28 produces the 
phase-modulated signal shown ath in FIG. 2 after elimination 
of the higher frequency components. 
The device according to the invention may alternatively be 

used for producing a frequency-modulated signal. F.G. 7 
shows the device used for this purpose, in which the elements 
corresponding to those of FIG. 1 have the same reference nu 
merals. For the logic combination in the nodes of the matrix 
network 28, modulo-2-addition is used. As will be proved 
mathematically hereinafter, the transfer coefficients C, are 
chosen in accordance with Equation (4). The series of binary 
information pulses provided by the information source 1 is ap 
plied to an OR-gate 285 the second input circuit of which is 
connected to a subcarrier pulse generator 286. This generator 
provides a series of subcarrier pulses the repetition frequency 
of which is equal to a FIG. 8 shows the time diagrams of the 
input and output signals of the OR-gate 285 at arbitrarily 
chosen ratio of the two carrier frequencies. The uniform series 
of pulses b from the generator 286 is logically added to these 
ries of information pulses a. As a result a new pulse series c is 
produced which is applied to the shift register 4. 

If the conditions 
opor=2,3,4,. . . (8) and 
adop= 1,2,3, w 4 (9) 

are satisfied, a frequency-modulated signal is produced at the 
output 272 of the modulator, the frequency of said signal vary 
ing between the values o and co-op or between the values a 
and a-hop dependent on whether the negative or the positive 
sign is chosen in Equation (4). After elimination of the higher 
frequency components the frequency-modulated signal shown 
qualitatively at i in FIG. 2 is produced. 
To generate the same frequency-modulated signal the 

device according to FIG. 6 may alternatively be used in which 
the modulation elements 30-150 are formed as AND-gates if 
the transfer coefficients C, are chosen in accordance with 
Equation (4) and if the additional transfer coefficients C are: 
chosen in accordance with Equation (6). If the OR-gate 285 
and the subcarrier pulse generator 286 connected thereto is 
incorporated between the information source 1 and the shift 
register 4 in the manner as shown in FIG. 7, the same frequen 
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cy-modulated signal as that at the output 272 of the device of 
FIG. 7 is produced at the output 272. 

FIG. 9 shows a device for orthogonal modulation. To this 
end the series of information pulses or from the two informa 
tion sources 1 and 287 are modulated on carriers in phase 
quadrature. In most practical situations the information 
source 287 may be controlled by the clock pulse generator 2; 
in this case the use of a clock pulse generator 288 is 
economized. The same applies to the multiplier 289; the shift 
register 290 is then controlled by means of the output signal 
from the multiplier 3. In this case the modulation elements of 
the two matrix networks 28 and 291 are simultaneously con 
trolled by the shift register elements of the shift register 17 
connected to the carrier pulse generator 15. 
The transfer coefficients C of the matrix network 28 are 

proportioned in accordance with Equation (1). The coeffi 
cients Cxm of the matrix network 291 which are defined in the 
same manner as the coefficients of the matrix network 28 are 
to be chosen in accordance with the prescription: 

4.9g.9c. si (2n) sin (2n), A. - 9. 
car to C (as 2ce 

ofo. 7 o - - 
C = 2 . . . si (2n ) sin (2n), A = (i. Gur Gus ar/ Cub 2cue 

(as X > - 0, A 2cue 
with (10) 

Ksc 0, tl, t2, . . . , it k 
M = 0, t1, 2, . . ., l (ll) 

Here it is assumed that the radial shift frequency of the shift 
registers 4 and 290 is equal as is half the bandwidth of both 
channels. If the input signals in the modulation elements are 
combined in a multiplicative manner, the desired orthogonally 
modulated signal occurs at the output 272. 
Together with the described advantages of the device ac 

cording to the invention, namely a structure suitable for in 
tegration in a semiconductor body, great suppression of un 
wanted modulation products as well as general possibilities of 
use, the invention has the surprising property that the device 
according to the invention can be dealt with mathematically in 
a simple and convenient manner with the aid of the function 
unit shown in FIG. 10. The starting point for dealing with this 
device is constituted by linear, passive, time-invariant net 
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works 292 and 293 having pulse response h(t) and h(t) in 
which the time functions f(t) and f(t) are applied in the form 
of electrical voltages or currents to the input circuits. The out 
put signals fi(t) and f(t) of both networks are applied to a 
modulator 294 which produces a function F(t) therefrom. 
A multiplicative combination of the filtered signals f(t), 

and f(t) is effected in the modulator 294: 
F(t) =f(t)f(t) (2) 

with 

f(t)= f(t-T)h(t) dri (13) 

70 there follows from Equation (12) the relation: 

75 

... 
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By parallel arrangement of several networks in accordance 
with FIG. 10, the more general configuration as shown in FIG. 
11 is obtained for which the following relation applies: 

The function h(T, 7) can then be calculated from: 
h(r. 12)=h(t)h(T2)-ha(t)h(T2)- ... th(T)he 1(r) 

(17) 
The physical interpretation of the right-hand member of 

Equation (16) directly leads to the representation that the 
functions f(t) and f(t) are each stored in an ideal delay line 
and that partial signals are derived from the delay lines at in 
finitesimal mutual distances. Each partial signal of a delay line 
is multiplied by all partial signals of the other delay line and 
weighted by a weighting factor in accordance with the func 
tion h(t,T). The integration indicates that the partial signals 
thus weighted are added. 

Since the functions f(t) and f(t) are not known for nega 
tive values of time, a fictitious zero point in the past must be 
determined. In this manner a general signal delay is in 
troduced which, however, does not play a role in transmission 
systems. Furthermore, delay lines having a finite delay only 
can be achieved in practice. This means that the limits of the 
integrals in Equation (16) are finite and thus F(t) is only ob 
tained at an approximation. If a further approximate error is 
admitted, the integration may be replaced by an addition: 

F(t) = S S T Th(vT, uT)f(t-vT)f(t-uT) (18) 
This expression shows that the two ideal delay lines must be 

tapped in discrete places which are spaced over equidistant 
time intervals T, T, but which can be achieved very accurate 

O 
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ly with the aid of shift registers. Each signal thus tapped from 35 
one shift register is multiplied by all other signals tapped from 
the other shift register. The resultant products are provided 
with a weighting factor in accordance with the coefficients: 

C. F.T.T.,h(vT, puT.) (19) 
and are finally added. For signals f(t) and f(t) in the form of 
synchronous rectangular pulses a capacitive shift register may 
be used as a shift register, a single or multilevel digital shift re 
gister may be used for binary or multilevel pulses. Analog 
signals f(t) and f(t) may be converted into such pulse series 
optionally by using a sampler. 
To gain a better understanding of the modulation process of 

the system, Equation (18) is subjected to a Fourier transfor 
mation while using Equation (19): 

(b(0) = X X C. exp (-juTio)F(o) exp 

(20) 
In this equation d (a)), F(a)) and F(a)) indicate the Fourier 

transformations of the functions F(t), f(t) and f(t). The sym 
bol denotes the convolution operation. 

In the case of the basic system in accordance with FIG. 10, 
Equation (20) may be written as 

22 

gb(o) 2. S. C. exp (-juTo)F(a)) k 2. C. exp 

--------- - - - --------- r - . . . - ... ---...- (-juTzo)F(o) (21) 

The coefficients C, and C, then satisfy the relations: 

C = C.C. (22) 

C = Thi(v1) (23) 

C = T,h(uT) (24) 
it will readily be evident that in these equations C v and ( 

represent the coefficients of the Fourier expansions of the 
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O 
calculated as the Fourier transformations of the pulse respon 
ses h(t) and h(t). The periodicity of the Fourier series H(o) 
and H(o) is given by the radial frequencies a Fe 27tfT and 
o= 2ar/T, respectively. 

Consequently, Equation (21) may be written as: 

(25) 

The device including two tapped shift registers in which the 
signals derived from the taps are multiplied, weighted and 
added together thus indeed has the properties of the system 
shown in FIG. 10. However, the fact must be taken into ac 
count that the transfer functions H(o) and H(o) are 
periodic, while the periodicity may freely be chosen by the 
proportioning of the delay times T and T, of the shift register. 
elements. At given values of T, and T, the difference between 
the transfer functions H(o) and H(o) to be achieved and the 
functions in the considered expansion interval represented by 
the Fourier series H(o) and H.(o) depend on the numbers 
2n+1 and 2n-1 respectively of tappings used. For complete 
ness' sake it is to be noted that an even number of tappings 
may alternatively be used. Mathematically, an odd number is 
still used but then all coefficients having an even index.are set 
equal to zero. 
The operation of the device of FIG. 1 for the case of am 

plitude modulation will now be described with reference to : 
FG.12. 
FIG. 12 shows at a the spectrum F(o) of an information 

pulse provided by the information source 1. The transfer func 
tion H(o) to be approximated is shown in bby which function 
the bandwidth of the information signal f(t) is limited to a 
The Fourier expansion of H(o) resultsfor n =OO in the transfer 
function shown in c. The periodicity. a =27t/T is identically 
equal to the shift frequency co-2ult of the shift register4 and 
in this case it is assumed to be equal to or=2 or. For finite 
values of n (in the Example of FIG. :n = 5) the function 
H(c) shown in d is produced. Filtering of the function f(t) 
with the transfer function H(o) provides the product F(a)) 
= F(a)). H(o) which product is shown in e. The spectrum of 
the series of rectangular carrier pulses produced by carrier 
pulse generator 15 is shown inf. If the ratio of pulse duration 
and pulse repetition interval is 1:2, only odd harmonics of the 
radial frequency or are produced. To select the carrier radial 
frequency ac, the higher harmonics are filtered out with the 
aid of the transfer function H(a) to be approximated, which 
is shown in g. H.(a)) thus should be prescribed in such a 
manner that the value of H(a)) is equal to zero for a-ko(k= 
integer) with the exception of k = + 1. The Fourier series 
H(o) of periodicity or =2it IT, which corresponds to the 
shift frequency os = 27/8 of shift register 17 is shown in h. 
Here, the value of 10 is chosen for the ratio osloe. The 
product F(a)) =F(o).H.(o) is shown ini. The convolution 
operation according to Equation (22) provides the spectrum 
d(a)) of the amplitude-modulated signal shown in j. A 
complete suppression of the unwanted frequency components 
which are already greatly reduced is obtained with the aid of a 
bandpass filter connected to the output or with the aid of the 
transmission channel itself connected to the output. The 
resultant spectrum is shown ink. 
The coefficients C are calculated in accordance with 

Equation (22). The coefficients Cuare found from the Fourier 
expansion of the transfer function H(a)) according to c in 
F.G. 12: 

City 

C =? f exp (iv) da = 2 - si (2n) (26) 

if the coefficients C are chosen in accordance with the 
transfer functions H(o) and H,(o) which magnitudes can be 75 prescription: 
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2 cos (2ri), als; 
C = COS (u2r), lul - i. (27) 5 

0, Iuld. 

with 
osl2a)c =ri, i=1,2,3,. . . (28) 

then it can be shown after some calculation that the associated 
Fourier series: 15 

ar 27t ii,() = S. C. exp(-jue) 
us-f (29) 

20 
for all values a = koo (k=integer) is equal to zero with the 
exception of values o=t (2ikt 1)a for which the function 
value is equal to 1. FIG. 12 shows at h the variation of H(a) 
for the case when i is 5. The function value 1 then occurs at 
to 9 at 11 at 1960, E21 cc, etc. 
Substitution of the Equations (26) and (27) in Equation 

(22) then immediately results in Equation (l). 
Vestigial sideband signals and single sideband signals may 

alternatively be generated with the aid of the so-called phase 
method. The operation of the relevant device provided with 
two shift registers will be described with reference to the func 
tion diagrams shown in FIG. 11. Two function units of the 
shape shown in FIG. 10 are necessary for the device, which 
units consist of the networks 292, 293,295 and 296 and the 35 
two modulators 294 and 297. The transfer functions H(o) 
and Bi(a) of the networks 292 and 293 are chosen as in the 
previous Example of the amplitude modulator. Apart from 
higher frequency components the modulator 294 constitutes 
in accordance with Equation (25) the product fi(t).cos(at), 40 
in which f(t) is the information signal limited in bandwidth. 
The phase method requires a second signal f(t).sin(of) to 
be generated in which fis(t) is the Hilbert-transform of the 
band-limited signal f(t). Addition or subtraction of the two 
products in a combination device 298 produces the lower or 45 
upper sideband signals. 
The network 296 is used for generating the carrier sin(ot) 

from the carrier pulse series f(t) the transfer function of 
which network is equal to 

25 

30 

50 
a- 2 h. (a) = S, y, exp(-juio) (30) 

This transfer function H.(o) is distinguished from H.(a) in 55 
that H(c) is an odd function of the frequency. Analogous to 
Equation (27) the associated coefficients are given by: 

60 a oc 8. 2; sin (p2ri), lulsi 
- Oc. si oc Y , 98. Yu sin (u2r), lul 2ape (31) 

65 
d 

0, Lul? 

in which case also Equation (28) applies. 
The Hilbert-transform f(t) of the band-limited signal f(t) 

is obtained with the network 295 whose transfer function 
B(e) corresponds to B(o) but with an odd continuation. It is 
known from network theory that odd transfer functions are 
purely imaginary, which property has the physical significance 75 

70 

12 
that all frequency components are shifted 90 in phase. The 
coefficients yu of the Fourier series Hs(a) can then be calcu 
lated with the aid of 

– ?; signanayn (; 2. =2ici (2r) y=.jsign(o) exp (ie io) do 2ici 27t Gar 
(32) 

In this equation the function ci(x) is an abbreviated notation 
of the function (1-cosx)/x, 

For the practical realization it is possible to use two devices 
in accordance with FIG. 1, to provide both matrix networks 
with coefficients CC, and yy and to add or subtract the 
signals generated. A considerably simpler device is, however, 
obtained when connecting both matrix networks to the same 
shift register and when adding or subtracting the relevant 
coefficients in conformity with Equation (17): 

C = CC, tywy. (33) 

Substitution of the Equations (26), (27), (31) and (32) in 
Equation (33) then results in Equation (4). Since an infinitely 
steep cut-off at the frequency o = a can be obtained with a 
finite number of coefficients, a vestigial sideband signal is 
produced. 

In the structure of the device shown in F.G. S more favora 
ble transfer functions H(o) and H(o) may be used. These 
are graphically shown in FIG. 13. The relevant Fourier coeffi- . 
cients are: 

C-2 tes 1+cos(2r) v= - a) (34) 1-(2 ...) Gar 

2 sin (v2r.) p y=2 (at (35) 
it du 1-(2. ..) car 

It is apparent from the Equations (34) and (35) that these 
coefficients converge more quickly than the coefficients in the 
Equations (26) and (32) and that consequently a single side 
band signal is produced. The carrier generation is effected in 
the same manner as in the vestigial sideband system described; 
Equation (5) then follows from the Equations (27), (31), (34) 
and (35). 
As already stated a carrier signal with binary phase modula 

tion may be considered to be an amplitude-modulated signal 
having a suppressed carrier. If the series of binary information 
pulses is denoted by f(t) likewise as in the foregoing, then the 
relation for the amplitude-modulated signal applies: 

F(t)f(t)cos at (36) 
If the information pulses have the normalized amplitude 

values of 0 or 1, the phase-modulated signal can be written as 
follows: 

F(t) f(t)cos at 4cos of al-f(t)-4)cos at (37) 
The expression: f(t) - %) indeed only assumes the values 

-4 and -% and thus produces a phase modulation of the car 
rier between 0 and 180. 

FIG. 6 shows the relevant device. Without the additional at 
tenuation networks 274-284 an amplitude-modulated signal 
appears at the output 272 if the coefficients C of the matrix 
network 28 are chosen in conformity with Equation (1). The 
additional attenuation networks only cause the output signal 
to be reduced in conformity with Equation (37) by the carrier 
%cos(at). It follows immediately from Equation (27) that the 
coefficients are to be proportioned for this purpose in con 
formity with Equation (6). 
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As already stated hereinbefore, the device according to 
FIG. 1 may alternatively serve for generating a phase-modu 
lated signal if, instead of a multiplicative combination with the 
aid of AND-gates, in the modulation elements 30-150 a 
modulo-2-addition with the aid of exclusive OR-gates is ef- 5 
fected. Equation (15) is then to be modified as follows: 

F(t) = h(t)h(r) f (t - t) -- f (t - ta) dt dra 
(38) 10 

Since in this case the functions f(t) and F(t) can only as 
sume the values 0 and l, the modulo-2-addition in accordance 
with the following truth table: 

15 
f f feef, (f-f) 
0 O 0. O 

O 
O 

O O 
20 

may be replaced as follows: 

F (t) = h(t)h,(2)(fi(t-t')-f(t-t')] 
dt dre (39) 25 

Elaboration of Equation (39) while taking into account the 
equations: 

f(t-r)a f(t-T); fi(t-t') =0,1 
f(t-T)=f(t-r); fi(t-r)=0,1 

leads to the following result: (40) 30 

f(t) = . h2 (t) di?. h(t) f (t - T.) dr 

With the pulse response of the ideal lowpass filter: 

l sin ot 
h(r) = i. t (42) 45 

and the pulse response of the ideal carrier filter: 

| cos oct2, it 2 < 
h(t) = t (43) 50 

lo, it d - 
(c 

the following relation may be derived from Equation (41): 
55 

F (t) = -2 J. J. hi(t)h(t)f(t - t)f(t - r2) dri dra 

-- h(t)f(t–1) dr, (44) 
- 60 

Apart from a constant factor -4 which is not important, 
Equation (44) describes the generation of a phase-modulated 
signal with the aid of the device shown in FIG. 6. This proves 
that the devices according to FIG. 6 and FIG. 1 are equivalent 
if in the latter the multiplicative combination is replaced by 
modulo-2-addition. 
A frequency-modulated signal may be generated with the 

device according to FIG. 7. The operation will be described 
with reference to the function diagram shown in FIG. 14. The 
transfer functions of the networks 292, 293,295 and 296 are 
chosen likewise as in the vestigial sideband system already 
described, that is to say, H(a)) approximates the charac 
teristic of the ideal lowpass filter of radial cut-off frequency a 
and h(o) approximates the characteristic of the ideal low- 75 
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pass filter of the same radial cut-off frequency which brings 
about an additional phase shift of 90. H.(o) and H(a)) are 
the transfer functions of the previously described carrier fil 
ters which derive the carriers cos(at) and sin(ot) from the 
series of carrier pulses from the carrier pulse generator 15. 
The signal shown at c in FIG. 8 appears at the output of the 

OR-gate 285. If the information signal shown at a in FIG. 8 
corresponds to the logic value 1, the carrier signal cos (ot) 
appears at the output of the modulator 294. The same carrier 
signal of half the amplitude of the output signal of the modula 
tor 294 is subtracted in the combination device 298 (inverter 
299). The modulator 297 does not provide a contribution 
since the filter network. 295 does not pass direct current. Thus 
the signal 4-cos(ot) occurs at the output 272. 

If the information signal shown at a in FIG. 8 corresponds to 
the logic value 0, the network 292 produces the signal 41 -- 
cos(opt) if the transfer function H(o) for a = or assumes 
the value 7/4. The amplitude-modulated signal is produced at 
the output of the modulator 294: F(t)=%cos at +4cos(a 
hop)th cos(a)t (45) 
The network 295 accordingly provides the signal 4 sin (at 

); the direct current component is suppressed again. The fol 
lowing signal is then produced at the output of the modulator 
297: 

F(t) = 4cos(o-hop)t-cos (o-o)t (46) 
The inverter 299 still supplies the carrier signal-G.cos(at) 

Addition of all three signals in the combination device .298 
then results in the relation: 

F(t) F(t) Acosof-cos(a-o)t 
(47) 

The frequency thus assumes the values o and o-op. If the 
transfer function Hs(o) is provided with a negative sign, the 
result is afrequency variation between a and a + op. 
The subtraction of the carrier signal icos(at) may again 

be effected with additional attenuation networks or by modu 
lo-2-addition in the modulation elements. The last-mentioned 
version underlies the device of FIG.7. 
The operation of the orthogonal modulator according to 

FIG. 9 can be explained in a simple manner. In principle two 
40 independent devices of the shape shown in F.G. 1 are used. 

Only the carrier generation with the aid of the shift register 17 
cos(a)ct) is the effected in the first system and modulation 
with sin(o)et) is effected in the second system. This property 
of the coefficients is directly apparent from the Equations 
(1) and (10). 
The mathematical considerations given so far may be ex 

tended to devices including 3 shift registers or even to devices 
including N-shift registers. FIG. 15 shows the function dia 
gram of the basic element of a device having q shift registers. 
The functions f(t), f(t), ..., f(t) and f(t) are applied to 
the inputs of the linear, passive, time-invariant networks with 
pulse responses h(t), h(t), - - - h(t) and h(t). The output 
signals of the networks are combined in the modulator 294 in 
accordance with a given mathematical interrelationship and 
produce the signal F(t). 

In the case of a multiplicative combination in the modulator 
294 the following relation analogous to Equation (15) may be 
set up for the device according to FIG. 15: 

F(t) = . . . . . . h1(T)ha(T2). . . 
h(t)f(t T1) f(t - 12) . . . f(t-t') dri dra . . . dro 

(48) 

This formula may alternatively be written in a more general 
form if several of the basic elements shown in FIG. 15are con 
nected in parallel in a manner corresponding to FIG. 11. 
Equation (48) then is: 

F (t) - || a s ? h (71, 72,..., to) fi(t-t')f(t-t') 

. . . f(t to) dri dra . . . dr. (49) 
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in accordance with Equation (17) there applies that: 
h(t, 0 0 8 Tg) D hi(t)h (T2) hq.(to) 

+ hi(t)h-2 (T2). . . hag (to) 

+h(t)h (r)... h. (r) + ... (50) 
If again the integration is replaced by an addition, then 

there follows that: 

F(t) = x X ... y T.T. ... Th(vT, uT, . 
was - a us - not 

AT)f(t-ut)f(t- uT) ... f(t - AT) (51) 
Then the N-dimensional coefficients are produced: 

Cup...a TT, Th (uT, path, e e s AT) 

of which the "dimension." N is equal to q. 
(52) 

O 

15 

16 
subsequently added. The signals f(t), f(t) and f(t) may be 
formed by rectangular synchronous pulses, but alternatively 
analog signals f(t), f(t) and f(t) may be handled if these 
signals, prior to handling, undergo an analog-to-digital conver 
S.O. 

FIG. 18 shows the function diagram for a device for the 
transmission of synchronous information pulses by means of 
single sideband modulation in accordance with the method 
described in patent application Ser. No. 786,111, filed Dec. 
23, 1968 now U.S. Pat. No. 3,588,702. As is apparent from . 
FIG. 18, this function diagram shows the parallel arrangement 
of two cascade circuits as are shown in FIG. 16. The series of 
information pulses f(t) whose radial clock frequency is or is 
applied to the networks 292 whose characteristic corresponds 
to the curve a of FIG. 13 in which a mor/2. The series of 
rectangular carrier pulses f(t) having a radial clock frequency 
of af2 applies to the outputs of the networks 293 and 296 an 
orthogonal pair of subcarriers at a radial frequency of a 4. 

For the practical realization of the device shown in F.G. 15 20 The signals produced after the modulators 294 and 297 are fil 
shift registers whose shift register elements are branched are 

required, as follows from the structure of the Equations (51) 
and (52). Each signal thus branched is multiplied by all signals 
derived from the other shift registers. The resultant signal is 
provided with a weighting factor corresponding to the value 
associated with the coefficients of Equation (52). The partial 
signals weighted in this manner are finally added so as to ob 
tain the desired signal F(t). 
Of special technical importance is the cascade arrangement 

of two devices which are provided with two shift registers 
each. FIG. 16 shows the relevant function diagram. The fol 
lowing relation between the output function F(t) and the 
input functions f(t) and f(t) and f(t) is found with the aid of 
Equation (15) 

f)f(t ta - 72)f(t - T.) dr, dra dra dra (53) 

... in this case it is assumed that pure multiplication takes place 
in the modulators 294 and 297. 

It follows from Equation (52) for the coefficients that: 
CAFTTTTh(VT, AT x7. MT) 

The representation of the series thus is: 

F (t) = S. S S. S. Cuf (t - Ts 
ws - us - Pi Ks-k Ma - 

(54) 

vT).f. (t-T- a 1.) f(t - MT) 

This expression shows that one shift register is economized 
and hence three shift registers may sufficient if it is only en 
sured that the ratios of the shift periods T/T and TJT are ra 
tional. The shift register for generating the function f(t) must 
be tapped at equidistant time distances. The principle of 
generating the function f(t-T-T) is apparent from FIG. 17. 
The signal f(t) is applied to the shift register which for the 
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tered by the lowpass filters 295 whose cut-off frequency aims 
14 and are subsequently subjected to a further orthogonal 
modulation in modulators 382 and 383. The carriers of radial 
frequency a required for this purpose are obtained from the 
carrier pulse series f(t) with the aid of the networks 380 and 
381. The sum or the difference at the output of the unit pro 
vides the desired signal sideband signal F(t). 

For the practical realization of the transmission device 
whose function diagram is shown in FIG. 18 three shift re 
gisters are sufficient, if the conditions for the cascade circuit 
of FIG. 16 relative to the ratios T/T and TWT are also 
satisfied because in this device as well as in the cascade circuit 
of FIG. 16 only three functions are applied externally. 

FIG. 19 shows a practical embodiment of this single side 
band modulation device in which the elements corresponding 
to those in the device of FIG. S have the same reference nu 
merals. The information source 1 passes the series of informa 
tion pulses f(t) through the code converter 273 to the shift re 
gister 4 which consists of, for example, 38 shift register ele 
ments 301 - 338. A subcarrier pulse generator 339 generates 
the series of rectangular subcarrier pulses f(t) which is ap 
plied to a shift register 341 which is constituted, for example, 
by 36 shift register elements 342-377 whose shift frequency f. 

is generated with the aid of a multiplier 340. The series of 
carrier pulses f(t) is generated by a carrier pulse generator 
15. For convenience's sake the matrix network 28 is not 
further shown, but FIG. 19 shows only one modulation ele 
ment 378 which effects a multiplicative combination of the 
input signals, the resultant logical product being weighted with 

(55) 50 the aid of the attenuation networks 379 and 29. The as 
sociated transfer coefficient has the shape of C, in which 
v indicates a shift register element of shift register 4, in 
dicates an element of shift register 341,a indicates an element 
of shift register 17 and ds indicates the tapping on the shift re 
gisters 4 and 341 with reference to the elements vandu (com 
pare FIG. 17). In the given case the transfer coefficient of 
modulation element 378 is given by vas 3, plans 0,bs-1 and A 
= 1 and is then C. 
The formation of the transfer coefficients is apparent from sake of clarification in the figure is shown as an ideal delay line the function diagram shown in FIG. 18. The Fourier expansion 

300. The fictitious zero point on the time axis is again chosen 
to be in the center of the delay line 300. For the case vs -1, 
tappings are to be distinguished for is as 0, 1, t2, and 3. 
The signal f(t-27+T) can then be derived, for example, aty 
as 1 and b = 2. 

Correspondingly, the signal f(t-bTuT) can be 
generated with a following shift register. To generate the 
signals f(t-bT-v7) and f(t-s7-u1) it is assumed that 
the ratios T/T and TWT are rational since only at these points 
a signal can be tapped which are spaced apart over a time 
distance of one shift periodoran integral multiple thereof. 
Each signal thus tapped from a shift register is multiplied by 

a signals which are derived from the two other shift registers. 
The resultant products are provided with a weighting factor 
corresponding to the coefficients of Equation (54) and are 
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of a characteristic according to a in FIG. 13 showing the net 
works 292 leads to the coefficients y, of Equation (35) with 
as af2 and (or a 2 Tl2. Likewise the Fourier expansion of 
the lowpass filter characteristic of the networks 295 at a cutoff 
radial frequency of4 provides the coefficients C. in ac 
cordance with Equation (26) with a rufa and a 2 TT. 
The Fourier development of the transfer functions of the sub 
carrier filters 293 and 296 leads to the coefficients C in ac 
cordance with Equation (27) and to y in accordance with 
Equation (31) with the values a rufa and as as 2a/T, apply 
ing to both of them. Likewise the Fourier expansions of the 
transfer functions of the carrier filters 380 and 381 provide 
the coefficients CA in accordance with Equation (27) and ya 
in accordance with Equation (31) with the value cus as 2ar/T 
applying to both of them. For a maximum suppression of the 
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subcarrier and carrier harmonics Equation (28) must also be 
satisfied in this case. 
The transfer coefficients C are now found from the 

equation: - - - - - - - - - - - - -- 

Cvik al-y-C (CC-tyya) (56) 
The single sideband signal occurring at the output 272 has a 

bandwidth or/2, while the carrier frequency oc is located in 
the center of the frequency band of the single sideband signal. 
The proportioning of the transmission device of FIG. 19 for 

5 

a transmission speed of 1,200 Baud and a frequency band of 10 
from 300 to 3,300 Hz to be used is as follows: Clock frequency 
of the clock pulse generator2: 

f = 1/T = 1,200 Hz 
Shift frequency of the shift register 4: 

f = 1/T = 2f = 2,400 Hz. 
Shift frequency of shift register 341: 

fish = 1/T2 = 2fr=2,400 Hz. 
Reciprocal value of the delay time Ts: 

1/T = f = 1,200 Hz. 
Carrier frequency (center of the frequency band of the single 
sideband signal): 

f = 1,800 Hz. 
Shift frequency of shift register 17: 

f= 1/T = 18 kHz. 
The device according to the invention is also suitable for ob 

taining N-path filters. FIG. 20 shows the known block diagram 
of an N-path filter (N = 3). FIG. 20 shows that the same net 
work 295 is incorporated in each path, each of these three net 
works being preceded by switches 387,388,389 and followed 
by a second group of switches 390.391 and 392. The switches 
are directly driven by means of a series of rectangular carrier 
pulses in the first path, and in the second and third paths 
through the networks 385 and 386 which ensure phase shifts 
of 120 and 240, respectively. 

In accordance with the teaching of the invention the N-path 
filter illustrated in FIG. 20 may be represented by a function 
diagram as is shown in FIG. 21. 

Each path is provided with a cascade circuit of the shape 
shown in FIG. 16. The networks 295 are the elements which 
essentially determine the frequency variation. The networks 
292 ensure a limitation of the frequency band of the informa 
tion signal f(t). The networks 293,296 and 393 generate the 
carrier from a uniform rectangular pulse series f(t), a phase 
shift of 0° being obtained in the first path, a phase shift of 120 
being obtained in the second path and a phase shift of 240 
being obtained in the third path. 
The switches 387, 388, 389,390, 391 and 392 in FIG. 20 

are replaced by the purely multiplicatively functioning modu 
lators 394,395,396,397,398 and 399. 

Starting from Equation (55) and taking into account that 
f(t) and f(t) are identical, the following relationship is ob 
tained between the output signal and the input signals f(t). 
and f(t): 

XE Cuxf (t - kT F (t) = X. 2. 2. X = - 

-vT)f(t-kT - uT)f(t-XT,) (57) 

For the practical embodiment of an N-path filter of which a 
function diagram is shown in FIG. 21, two shift registers are 
sufficient if the given conditions for the cascade circuit ac 
cording to FIG. 16 relative to the ratios T/Ts and T.JTs are 
satisfied and if also the ratio T/T is rational, since in this case 
only two functions are to be applied externally. 

FIG. 22 shows the practical embodiment of this N-path 
filter in which the elements have the same reference numerals 
as those in the device of FIG. 19. The information source 1 ap 
plies the series of information pulses f(t) to be filtered to the 
shift register 4, which consists of, for example, 56 shift register 
elements 400-455. A subcarrier pulse generator 339 
generates the series of rectangular subcarrier pulses f(t) 
which is applied to a shift register 341 which consists of, for 
example, 28 shift register elements 342-369. For convenien 
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8 
ce's sake the matrix network 28 is not shown, but only one 
modulation element 456 is shown in FIG. 22, which modula 
tion element 456 brings about a multiplicative combination of 
the input signals, the resultant logical product being weighted 
with the aid of the attenuation networks 457 and 29. The as 
sociated transfer coefficient has the shape Cuka in which v 
indicates a shift register element of shift register 4, and Ain 
dicate elements of shift register 341 and ds indicates the 
tapping on the shift registers 4 and 341 with reference to the 
elements w pi and M reckoned from the center of the shift re 
gisters 4 and 341 (compare FIG. 17). The transfer coefficient 
of the modulation element 456 is given as an example by v = 
-1, pl. - 0, b = 2,\=-1 and thus is Co. 
The formation of the transfer coefficients Cutb of the 

weighting devices of the N-path filter having three paths can 
be derived mathematically with reference to the function dia 
gram given in FIG. 21 for the embodiments given so far. The 
Fourier expansions of the transfer functions of the subcarrier 
filters 293,296 and 393, which provide the subcarrier with the 
phases 0, 120 and 240 produce coefficients which appear as 
fitting linear combinations of the coefficients Cu and yu calcu 
lated from Equations (27) and (31). To obtain maximum sup 
pression of unwanted modulation products particularly Equa 
tion (28) must be satisfied. 

For the practical situation where, for example, the band of 
from 225-375 Hz must be filtered from the frequency spec 
trum of a series of information pulses having a clock frequen 
cy f= 1,200 Hz, a few specific values follow hereinafter: 
Subcarrier frequency: 

f = 300 Hz. 
Shift frequency of shift register 4: 

f, = 1/TI 1 =2,400 Hz. 
Shift frequency of shift register 341: 

f = 1/T = 1/T = 1,200 Hz. 
Reciprocal value of the delay period Ts: 

1/T = 1,200 Hz. 
As FIG. 22 shows only two shift registers are required for 

the functions f(t) and f(t). This produces the interesting con 
figuration of two separate signals derived from one shift re 
gister being applied to one and the same modulation element. 

In addition it is possible to derive different output signals in 
the matrix network from one and the same modulation ele 
ment for certain uses. Thus, for example, when using the 
device according to the invention for generating a carrier 
frequency raster, the output circuit of each modulation ele 
ment is connected through different weighting devices to dif 
ferent combination devices each of which provide a frequency 
fit inf while the information source provides a periodical se 
ries of rectangular pulses having a pulse repetition frequency 
off to the modulation elements. 

FIG. 23 shows a practical embodiment of such a device for 
generating a carrier frequency raster. In this device the infor 
mation source 501 supplies binary pulses at a clock frequency 
f of, for example, 50 Hz. These binary pulses are applied to a 
shift register 502 which is provided with a plurality of shift re 
gister elements 503, 504, 505, 506, 507, 508, 509 and 510. 
The shift frequency f. of the shift register 502 is an integral 
multiple of the clock frequency f. and is generated with the 
aid of a multiplier 511. The shift frequency f. is, for example, 
10 times higher than the clock frequency f. and amounts to 
500 Hz. 
The carrier oscillator in the form of a carrier pulse genera 

tor 512 supplies a series of equidistant carrier pulses which are 
applied to a shift register 513 having a plurality of shift register 
elements 514,515, 516,517,518,519, 520 and 521. The car 
rier pulse frequency f. is, for example, 1,000 Hz. The shift 
frequency f of the shift register 513 is an integral multiple of 
the carrier frequency f. of the carrier pulse generator 512 and 
is also generated by means of a multiplier 522. The shift 
frequency f. is, for example, 10 times higher than the carrier 
frequency f. and amounts to 10 kHz. 
The output circuits of the shift register elements of the two 

shift registers 502 and 513 are connected to a matrix network 
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523. In this matrix network the nodes of the output circuits of 
the shift register elements of both shift registers 502 and 513 
incorporate the modulation elements 524-548 which establish 
a logical combination of the stored binary pulses. The output 
signals of the modulation elements 524–548 are weighted with 
the aid of weighting networks constituted by attenuation net 
works 549-573 and combination device 574. The sum of the 
weighted output signals of the modulation elements 524–548 
then occurs at the output 575 of the combination device 574. 
As already extensively described hereinbefore, the signal 

from information source 501 is modulated on the carrier 
frequency f. when suitably proportioning the weighting net 
works while unwanted modulation products are suppressed to 
a great extent. The method of modulation, for example, am 
plitude modulation, phase modulation or single sideband 
modulation is dependent on the choice of the transfer coeffi 
cients C of the weighting networks. 
The structure of the device described above is particularly 

simple when the information source 501 provides a periodical 
series of rectangular pulses of frequency f. and when a 
frequency raster f. inf must be generated. This frequency 
raster is shown in FIG. 24. 
For generating this frequency raster the output circuits of 

each modulation element 524 - 548 are connected through 
different weighting devices to different combination devices 
each providing a frequency f. Enf. FIG. 23 only shows a sin 
gle additional weighting device and the associated combina 
tion device in which corresponding elements have the same 
reference numerals, but are provided with indices; of course 
further weighting devices and associated combination devices 
may be connected to the modulation elements 524 - 548 as is 
diagrammatically shown by the broken line near the modula 
tion elements in FIG. 23. The transfer coefficients must then 
be proportioned in accordance with the equation below: 

. . not coe (t)T O) 4.- : cos v2ar--- u29e < () (8 - 12 to w 2na) 

|v <3 T (t)' . r titutive cos 2n + 2 ro, far t ad t 

?: - u - it 
2nd), 

flout' (u. ti" (tr. |v = - cos 27 +2ar . () () f : 2nct) 

0, Gor y D v 2nco 

u = 0, E 1, t2, . . . - - - - - - 

pu F0, tl, t2, . . . 

ot-2ar fr, oc=2arf, or = 2ar ft, os = 2atf 

In this manner it is achieved that the frequency raster f. -- 60 
inf is generated with the aid of only one shift register for the 
carrier signal source 512 and only one shift register for the in 
formation signal source 501 as well as with the aid of only one 
matrix network 523. In that case the output voltages of the dif 
ferent combination devices 574, 574 do not influence each 
other because the reactive effects of the different combination 
devices through the weighting devices 549-573, 549'-573' to 
the common modulation elements 524–548 become negligibly 
small if it is ensured that the output resistance of the modula 
tion elements 524–548 is maintained sufficiently small. 

In addition to a pair of weighting devices for generating the 
frequency raster f. nf a second pair of weighting devices 
may be connected to the same modulation elements, which 
second pair provides a second frequency raster finf which 
relative to the original frequency raster has an arbitrary but 
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20 
fixed phase shift of, for example, 90. In addition, the device 
shown has the advantageous property that the frequencies f. 
and f can be adjusted independently of each other, that is to 
say, f. may be adjusted to, for example, 500 Hz and f may be 
adjusted to, for example, 10 Hz without it being necessary to 
change the device. 
A considerable economy in the number of modulation ele 

ments is obtained in that only every other element of the shift 
registers 502,513 is to be connected to modulation elements 
524-548 in the matrix network 523. When pulses are applied 
to the shift registers 502-513 whose duration is equal to half 
the pulse repetition period and when there is a ratio between 
the shift frequency and the double pulse repetition frequency 
which ratio is given by (2n + 1) : 1 with m =2,3,4, 5, ... In 
the given embodiment this ratio is 5:1. Thus this step means 
that the number of nodes of the matrix network 523 and hence 
the number of modulation elements is reduced by a factor of 
4. Thus, in the given embodiment only 25 modulation ele 
ments are required. 

In spite of this considerable economy in the number of 
modulation elements it has been found that this does not 
detract from the suppression of the unwanted modulation 
products which both in practice and strictly mathematically 
may be represented in the manner already extensively 
described hereinbefore. 
The devices according to the invention differ from the 

known devices not only by their advantages already men 
tioned, namely the structure suitable for integration in a 
semiconductor body, the great suppression of unwanted 
modulation products as well as the general possibilities of use, 
but also by a very essential advantage which is illustrated by 
the embodiments shown in FIGS. 16-24. As is apparent from 
these complicated modulation systems, shift registers and/or 
modulation elements may be utilized simultaneously and 35 
several times. Particularly a shift register may be connected to 

(8 
t g 2a) 

6 | u = i. 
(a) 

us. 
(58) 

s lu-ji, 
CuS 

| u >5. 

the modulation elements of various matrix networks or multi 
ple modulation may be obtained by connecting more than two 
shift register elements of a shift register to the input circuit of 
the modulation elements, or the output circuit of the modula 
tion elements may be connected through different weighting 
devices to different combination devices. In complicated 
modulation systems it is achieved in this manner that an essen 
tial economy in the number of modulation elements and shift 
registers is obtained which leads to new methods of structure 
in full conformity with the teaching according to the invention 
extensively described with reference to the embodiments. It is 
this property that gives the device according to the invention 
considerable advantages upon carrying complicated modula 
tion systems into effect. 
Under certain circumstances an essential economy in the 

number of shift register elements may be achieved if at least 

shift 
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one of the used shift registers is formed by a cascade circuit of 
partial shift registers whose shift frequencies have different 
values. As has been found from extensive experiments a high 
shift frequency is to be chosen for the partial shift register 

22 
2. A device as claimed in claim 1, further comprising a 

clock pulse generator, said information source providing in 
formation pulses at instants of clock pulses from said clock 
pulse generator and means to couple said first control genera 

whose weight coefficients corresponding to the constituting 5 torto said clock pulse generator. 
values of the pulse response show great difference. To limit 
the number of apparatus required for generating the different 
shift frequencies, it is advantageous that these shift frequen 
cies mutually differ by a factor of 2 (i-1,2,3,...). 

3. A device as claimed in claim 1, wherein said second con 
trol generator is coupled to said carrier generator. 

4. A device as claimed in claim 2, wherein the ratio of the 
repetition frequencies of said carrier generator and said 

A further simplification of the shift registers for the carrier 10 second control generator is equal to an integer. 
pulses is effected by having half a cycle of the periodical series 
of pulses circulate in accordance with the principle of a ring 
counter in a shift register whose shift register elements also 
have a complementary output. In the device according to FIG. 
1, for example, only five instead of 10 shift registers are then 
required. The matrix network of the modulation elements and 
the weighting networks remain, however, unchanged. 
As has been illustrated in the previous embodiments with 

reference to a few examples, there are different possibilities 
and simplifications of the devices according to the invention, 
but in addition there are more embodiments possible. For ex 
ample, instead of attenuation networks it is alternatively possi 
ble to use amplifiers having a suitably chosen amplification 
factor for the weighting devices. Furthermore, the starting 
point for the control of the shift registers may be a single com 
mon pulse generator from which the clock frequency for the 
information pulses or the carrier frequency may be derived 
with the aid of frequency dividers. 
The device according to the invention may be used ad 

vantageously in all systems in which modulation and filtering 
processes must be carried out. The device according to the in 
vention may alternatively be used, for example, for generating 
the second or higher powers of filtered functions in which in 
this case the information source also operates as a carrier 
oscillator. Since the information source and carrier oscillator 
coincide in this case, only one shift register is required for this 
application, while different shift register elements of said shift 
register are connected to one and the same modulation ele 
Inlet. - - - - - - v. 

The device according to the invention may be used both at 
the transmitter end and at the receiver end, while the received 
signal at the receiver end must first be applied to an analog-to 
digital converter. Transmitter, as well as analog-to-digital con 
verter and receiver may be completely integrated in a 
semiconductor body. 

In all these embodiments there always applies that both the 
information signals and the carrier oscillations are shifted in a 
shift register in a rhythm determined by a control generator 
and that the shift register elements in which the information 
signals and carrier oscillations are shifted are connected to the 
input circuits of the modulation elements incorporated in the 
nodes of a matrix network, the output signals of said modula 
tion elements being applied through weighting devices to a 
common combination device. 
What is claimed is: 
1. A device for the transmission of information signals, said 

device comprising an information source, a first control 
generator, a first shift register coupled to said information 
source and having a plurality of shift register elements whose 
contents are shifted by said control generator, a second con 
trol generator, a carrier generator, a second shift register cou 
pled to said second control generator and having a plurality of 
shift register elements whose contents are shifted by said 
second control generator, means connecting the carrier 
generator to the input means of said second shift register a 
matrix network having columns and rows which have nodes 
comprising modulation elements, means to couple said 
columns of said modulation elements respectively to the shift 
register elements of said first shift register, means to couple 
said rows of said modulation elements respectively to the shift 
register elements of said second shift register, a plurality of 
weighing devices coupled to said modulation elements, and a 
combination device for providing an output signal coupled to 
said weighing devices. 

15 

20 

5. A device as claimed in claim 1, wherein at least one of the 
shift registers comprises a cascade circuit of partial shift re 
gister whose shift frequencies have different values. 

6. A device as claimed in claim 5, wherein the ratio of the 
shift frequencies of the partial shift registers is equal to 2, 
where i is an integer. 

7. A device as claimed in claim 1, wherein said second shift 
register comprises a ring counter. 

8. A device as claimed in laim 1, wherein said shift register 
elements have two complementary output means. 

9. A device as claimed in claim 1, wherein the weighting 
devices connected to the output circuits of the modulation 
elements in the matrix and the combination device comprise 

5 by an attenuation network. 
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10. A device as claimed in claim 1, wherein the modulation 
elements in the nodes of the matrix network comprise logic 
selection gates. 

11. A device as claimed in claim 1, wherein the modulation 
elements are provided with two complementary output means. 

12. A device as claimed in claim 1, adapted for the transmis 
sion of analog signals, wherein a sampler is incorporated 
between the information source and the input means of the 
first shift register. 

13. A device as claimed in claim 12, wherein the sampler is 
followed by an analog-to-digital converter. 

14. A device as claimed in claim 1, for the transmission of 
binary information pulses, wherein the device constitutes a 
modulator for the binary information pulses. 

15. A device as claimed in claim 14, wherein a code con 
verter for establishing a binary code conversion is incor 
porated between the information pulse source and the first 
shift register. 

16. A device as claimed in claim 14, adapted for amplitude 
modulation, wherein the modulation elements in the nodes of 
the matrix network comprise AND-gates and the weighting 
devices connected to the output means of the AND-gates have 
transfer coefficients Cup in accordance with the equations 

(as 

4 si(v2r) cos(2), p. < () (6 d O)8 A. 2a)c 

Cut (t) . 9. Coc O) 

C = si ( 2r) cos ( 2 ), r vpu. ... Sl. 2", 14t, pu 2a)c 
(d8 

> 0, luld 

v= 0, El, t2, . . ., hin 

pu - 0, -l, -2, , it in 

in which v is a shift register element of the first shift register 
reckoned from the center of said first shift register and with 
opposite sign on either side of said center, while p is a shift re 
gister element of the second shift register likewise reckoned 
from the center of the second shift register and with opposite 
sign on either side of said second center. 

17. A device as claimed in claim 14, adapted for vestigial 
sideband modulation, wherein the modulation elements in the 
nodes of the matrix network comprise AND-gates and the 
weighting devices connected to the output means of the AND 
gates have transfer coefficients C, in accordance with the 
equations: 
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in which v is a first shift register element of the shift register 15 
reckoned from the center of said shift register and with op 
posite sign on either side of said center, while u is a shift re 
gister element of the second shift register likewise reckoned 
from the center of said shift register and with opposite sign on 
either side of said second center. 

18. A device as claimed in claim 14, adapted for single side 
band modulation, wherein the modulation elements in the 
nodes of the matrix network comprise AND-gates and the 
weighting, device is connected to the output means of the 
AND-gates have transfer coefficients C, in accordance with 25 
the equations: 

i+cos(v2r. 4 og oc c 
tro.o. - - * COS 1-(2) 

i+cos(2n 
t a 

G Gus 1-(2) t 

0, 

v=0,1, t2, . . ., -in 

p=0, it 1, t2, ..., -em 

24 

e s sin (u2n i) pla 2ade 

sin (12m) , All = . 
Gus 

|aldi (4) 

(2) 

21. A device as claimed in claim 14, adapted for frequency 
modulation, wherein the device is formed as an amplitude 
modulator and that furthermore the information source is 
connected through an OR-gate to the first shift register, a sub 
carrier pulse generator also being connected to said OR-gate, 
the pulse repetition frequency of said subcarrier pulse genera 
tor being greater than or equal to twice the clock frequency of 
the information pulses. 

22. A device as claimed in claim 14, provided with a plurali 
ty of matrix networks in which the nodes incorporate modula 
tion elements, wherein the shift register elements of one of the 
shift registers are connected to the modulation element of dif 

in which v is a shift register element of the shift register ferent matrix networks. 
reckoned from the center of said shift register and with op 
posite sign on either side of said center, while p is a first shift 
register element of the second shift register likewise reckoned 
from the center of said shift register and with opposite sign on 
either side of said second center. 

19. A device as claimed in claim 14, adapted for phase 
modulation, wherein the device is formed as an amplitude 
modulator in which also the outputs of the shift register ele 
ments of the second shift register are connected through addi 
tional weighting devices to the combination device for com 
pensating the carrier oscillation. 

20. A device as claimed in claim 14, adapted for phase 
modulation, wherein the modulation elements in the nodes of 
the matrix network comprise modulo-2-adders and the 60 
weighting devices connected to the modulo-2-adders have 
transfer coefficients Cup in accordance with the equations: 

dog cic g ce s 4-i's (v2) cosp2r. Iul o, os or pa2 cos' pal 2a) 

a . ?o e s 
C = 2 ) . . . (2n) cos 2r. e e as S. t 8 : pal 2a) 

s 0, > pu fe 

v= 0, -1, t2, in 

pass 0, -, -2, , in 

SO 
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23. A device as claimed in claim 22, for the transmission of 
binary information pulses originating from two information 
sources with orthogonal modulation, further comprising a 
second information source, a third control generator, a third 
shift register coupled to said second information source and 
having a plurality of shift register elements whose contents are 
shifted by said third control generator, a second matrix net 
work having columns and rows which have nodes comprising 
modulation elements, means to couple respectively said 
columns of said modulation elements of said second matrix 
network to said shift register, means to couple respectively 
said rows of said modulation elements of said second matrix 
network to the shift register elements of said second shift re 
gister, and a second plurality of weighing devices coupling said 
modulation elements of said second matrix network to said 
combination devices. 

  



25 
24. A device as claimed in claim 22, wherein the modula 

tion elements in the nodes of the two matrix networks com 
prise AND-gates and the weighting devices of the first matrix 
network connected to the AND-gates transfer coefficients in 
accordance with Claim 16, and that the weighting devices of 
the second matrix network have transfer coefficients Coba in 
accordance with the equations: 

4 si(2n) sin (2n), |A|<. (u)r () Cur C) 2a) 

C = 2 : si(2n) sin (2n), |A = Our City O) CS 2ao 

0, M > (98. |A) >i. 
k=0, + 1, t2, ..., +k 
X = 0, -l, 2, . . . -hl 

in which A is a third shift register element of the shift register 
reckoned from the center of said shift register and with op 
posite sign on either side of said center, while x is a shift re 
gister element of the first shift register connected to the carri 
eroscillator likewise reckoned from the center of said shift re 
gister and with opposite sign on either side of said second 
center. 

25. A device as claimed in claim 14 wherein at least three 
shift register elements are connected to the modulation ele 
ments in the nodes of a matrix network, with which shift re 
gister elements multiple modulation is obtained. 

26. A device as claimed in claim 1, wherein the pulses ap 
plied to the input of a shift register are simultaneously delayed 
in a single shift register over a period T multiplied by an in 
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26 
teger v and over a period T. multiplied by an integer b, the 
ratio T/T. being rational. 

27. A device as claimed in claim 14 wherein the device for 
single sideband modulation is provided with a third shift re 
gister and a subcarrier oscillator for generating a subcarrier 
oscillation whose frequency is equal to one quarter of the 
clock frequency of the information pulses, while the device is 
furthermore provided with a single matrix network whose 
modulation elements are each connected to a shift register 
element of the three shift registers. 

28. A device as claimed in claim 1, wherein each modula 
tion element is connected to two shift register elements of the 
second shift register and to one shift register element of the 
first shift register. 

29. A device as claimed in claim 1, wherein a periodical se 
ries of rectangular pulses of pulse repetition frequency fris ap 
plied by the information source to the modulation elements in 
the nodes of the matrix network, the output circuit of each 
modulation element being connected through different 
weighting devices to different combination devices each sup 
plying a frequency finfr. 

30. A device as claimed in claim 29, wherein only every 
other shift register element is connected to a modulation ele 
ment in the matrix network when pulses are applied to the 
shift registers whose duration is equal to half the pulse repeti 
tion period, and when a ratio given by (2m+1) : 1 with m=2,3, 
4, 5 . . . exists between the shift frequency and the double 
pulse repetition frequency. 

31. A device as claimed in claim , 1, wherein the informa 
tion source also operates as a carrier oscillator so as to 
generate higher powers of the information pulses. 

32. A device as claimed in claim 1, wherein the device is in 
tegrated in a semiconductorbody. 
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