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Figure 1.1: Constellations of M-ary QAM schemes with M = 4, 16, 32,

64,..., 1024.

I: in-phase carrier (channel) ; Q: quadrature-phase carrier (channel).
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Binary signaling with duobinary pulses

Data

sequence D,: 1 110 .1 0 010
Precoded

sequence P,: o1 011 0 O 011
Transmitted
- sequenced,: -11 -111 -1 -1 -111
Received )

sequence B,: 0 002 o0 -2 -20 2
Decoded K

sequence D,: 1 110 1 0 010

00 110
11 011
11 -111
22 002
00 110

e



Four-level signal transmission with duobinary pulses @

Data
sequence D,: 0 0 1312 03 3 2010
Precoded ‘
sequence P,: 0 0 0 1233 1 2 1 1 3 22
Transmitted
sequence 4,: -3 -3 -3 -1 13 3 -1 1 -1 -1 31 1
Received T
sequence B,: -6 -6 -4 046 20 0 -22 42
Decoded
sequence D, 0 0 1312 03 3 2010

Doe§oi1,2,3f

"Four-level signal m§mis$i6ﬁ mth modlﬁed duobinary pulses

Data : )
sequence D,: ) 0 131 20 3 32 01-0 -

Precoded -
sequence P,: 0O 0 0 132 12 o 1 2 1 3 1

Transmitted L
séquence 4,: -3 -3 -3 -1 3 1 -1 1 -3 -1 3 -1 3 -1

Received -
sequence B,: 0 262 -40 -2 -24 9 2 0

Decoded T T T
sequence D, 0 1 31 20 3 32 901 0

- A

. — ——————T T~ ———



1966

Generalization of a Technique for Binary Data
Communication

E. R. KRETZMER, SENIOR MEMBER, IEEE

Abstract—A technique for binary data transmission is des-
cribed, in which each binary symbol is chosen to be a prescribed

erposition of nr impulses of form (sin 2xFt)/2xFt, spaced at
intervals 1/2F. Such superposition leads to more than two received
levels with binary input, but in return permits realization of t.he
Nyquist rate (2F symbols/s in bandwidth F). Appropriate choice
of the superposition coefficients provides a variety of spectral
distributions to suit individual applications. The most interesting
classes of system functions are defined, the associated coding
procedures are described, and the performance characteristics
are summarized.

INTRODUCTION

A useful generalization of the so-called biternary, duobinary, or
polybinary {1}-[6] technique for binary data transmission is re-
ported herewith. It is based on recognizing that one may choose
an end-to-end system function H(f) whose transform h(t),. the
overall response per binary symbol, is a prescribed weighted !mear
superposition of n impulses of form (sin 2xFt)/2=Ft, spaced at inter-
vals 1/2F. Use of such a superposition rather than a single impulse
leads to more than two received levels with binary input, but in
return it renders practical the attainment of the Nyquist rate [Z]
(2F symbols/s in bandwidth F), since H(f) is zero for f 2 F a.n.d is
also continuous at f = F. Resulting constraints on level transitions
in the received signal make possible a limited amount of error
detection. Furthermore, appropriate choice of the superposition
coefficients makes available a variety of spectral distributions to
suit individual applications. This communication will define the
most interesting classes of system functions (channels), describe the
associated coding procedures, and summarize the performance
characteristics.

CONCISE PAPERS

Cq-klbn+kd’n-l~--+k-bh (1)

where the ks are integer weighting coefficients, with the smallest
k| equal to unity.
The corresponding channel frequency function is

® 1
H(f) = - [ku‘(l)+ ka&(l —27.,>

+ ka (z - "T—;l)] IRy (2)

[0 < |f | < F]; the band limitation permits the use of the delta
function instead of (sin 2xFt)/2xF!t.

With these two characterizations in mind we can now tabulate
those channels which have been found of greatest interest (see
Table I).

Each row of this table defines just one member of a class, namely
the one having the smallest possible number n of k’s and hence of
received levels. Thus, Class 1 is the polybinary class of systems (4]
having all unity-weight coefficients, while Class 2 has only linearly
tapered distributions of coefficient values. As n is increased within
each class, the number of received levels also rises and H(f) becomes
increasingly ‘‘concentrated,” yielding s more drastic spectral
tapering. However, the full band F is still required to convey 2F
bps, and performance margins are substantially reduced. To
ensure the essential condition of continuity in H(f) at f = F, certain
superpositions must be ruled out, e.g., odd values of n in Class 1.

DxcopiNg or PRECODING

The received multilevel signal can be interpreted with a digital
version of McColl's apparatus [8], in which the contributions of
n — 1 preceding (transmitted) sample values—all binary in our
case—are subtracted from the present received sample value. A
binary decision is then made on the difference, which is either 0 or
k, in the absence of noise. A shift register stores the resulting binary
digit as well as the n — 1 preceding ones (see Fig. 1). An error in
any received sample tends to propagate until ¢, reaches the top or

; bottom level.
xltm‘g! Alternatively, a precoding operation can be undertaken at the
1ce i 3 DEFINITION transmitter, such that the nth binary digit a. of the original sequence
mlnl.‘t The transmission channel will be characterized by the super- is the modulo-2 summation of the ath binary digit b. actually trans-
lcl: ot, " position relationship mentioned: A received sample value c. de- mitted and the n — 1 preceding digits transmitted, all weighted by
ctir::l: pends on n successive transmitted sample values b;. . .b, as follows: their assigned coefficients, i.e.,
nulti- 3
3 TABLE 1
No. of Ree.
Class ok ks ke ks h(?) H()R[0<f<F] Levels
Binary 1 ey ! F* 1 2
(ideal) %&vﬁ :Lr— F o
" l 2 1 1 j t I F . 20052},, 3
4
; 1 i . 1 7
2 ol b AN EAANIEE T 3
L K\ 2.7 2+cos;.f—coszfp-.£ 5
tems 3 2 1 -1 - 23CF . _
entul] (4= 3) Z ——=F + i sin 7 1.~ sin 28]
. The : . 27
: PR 1o - an el 7 T N PR 3
8 = 3) a4 ;
5 -1 0 2 0 -1 -ﬁ—j\—\-y«“-' : _ 4gin? » L3
(=35 s F .

_*Entry in figure is ares under curve.

it et s 0, 195 ind, Ooet 8, 1 T ey
oon: i ! “Bi ata ¢

}at::l;i:ﬁon.gn:):!\:h B:u:dpmhd as CP65-419 at the 1963 IEEE
::l&o‘;‘,:. w?:;%“%:ioph:uﬁm.. ine., Holmdel, N. J.
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0 *0 (Cn -8020)
1 {C-Speky)

RECEIVED SAMPLE VALUE, Cq
n

Sn*2K41bp~

0t BKi4100-i

BINARY
[COMPARATOR

-+ ) LINEAR ADDER

on
ko] [Ma] [ea] WEXNOwNS
ba-) bp-2 ;ll, SHIFT REGISTER
ﬁ LT T T swergiciom

Fig. 1. Decoder,

QMOD 2 ADDER
0y
4

aq (UNCODED INPUT}

¥*pqa thy ODD)

YN

P2 N
_CONNECT QNLY
2 3 NJaeton 60D 8

ba -t bp-2 1 by

I I ] SHIFY 2

# —

S
bn (PRECODED OUTPUT)
®NOTE FOR ky EVEN,bp-| REPLACES by, ETC

Fig. 2. Precoder.

an = [kiba + ktbu_s. ..+ kaby] mod 2. (3)
Compari.ng this with (1), we find that
@a = ¢, mod 2, 4)

i.e., an even-numbered value of the received samp!: implies a zero
in the original sequence, an odd-numbered value a one. The pre-
coding operation thus simplifies the interpretation of the received
~signal and eliminates error propagation; on the other hand, it limits
the ¢ decision distance’’ (difference in signal values to be distinguished
by detector) to unity instead of ky—a matter of consequence only
where k; exceeds unity, as in Class 3. The precoding implementation
appears in Fig. 2.

PERFORMANCE
Performance is appraised by two criteria:

1) the speed tolerance, i.e., the percentage increase over the
Nyquist rate which will just cause overhp between adjacent
levels (‘“‘eye closure’’); and

2) the required increase in signal-to-noise ratio over a reference
binary system (operating at like bit rate) for a fixed error
rate in the presence of white Gaussian noise (ignoring both
error propagation and error detection capability).

Criterion 1 has been evaluated [9] by computer simulation using
‘““‘worst possible’’ data sequences (see Table II). Criterion 2 is
readily formulated in terms of the ‘‘decision distance’’ and the
“noise bandwidth” of [H(f)}}*. The exponent 1/2 arises from a
geometrically equal apportionment of H(f) between transmitter

FEBRUA!
- TABLE [1
Tolerance S/N Iucrease
Class ki ks ks ki ki (inpercent) Req. at 2F b/,
Ideal 1 0 0
binary
1 11 43 2.1dB
(n = 2)
2 1 2 1 40 6.0dB
(n = 3)
3 21 -1 38 1.2dB
(n = 3) 7.2 dB (precode
4 1 0 -1 15 2.1dB
(n =3)
L) -1 0 2 0 -1 8 6.0d4dB
(n =5)

and receiver. Consequently the ratio of the area under H(/) relati
to the area for the binary reference system gives a direct meas
of the required increase in signal power. The area for each H({:
given in Table I. The ‘“‘decision distance” is unity in all ca-
except two for Class 3 when precoding is not used, since k; =
contributing a 6-dB improvement to the performance of this p
ticular system [10]. The performance figures appear in Table

The speed tolerances listed in Table II may give some indicat:
of other allowable departures from the prescribed transfer functi
Further analysis is under way, including simulation of typi
channel impairments superimposed on H{(f). For Classes 4 and
for example, this will test the practicability of a data baseba
format achieving very efficient band utilization without dc tra
mission. _

The virtues of the channels described are mainly that they affc
relatively simple means of attaining 2F bps in bandwidth F w
relatively gentle filter cutoffs, and that one can choose from
number of differently tapered spectral distributions which may
advantageous in specific applications. Instead of the basic (
2xFt)/2xFt impulse, any other functions satisfying Nyqui:
first criterion (7] may be used as channel response compone:
An infinite number of such functions exist, their bandwidth rang
from F to 2F.
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Nyquist filtered pulses, alpha=0.2, 16 samples/symbol
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I-channel eye, alpha=0.2
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Fig. 3  Eye diagram of the in-phase channel of the 1024-QAM using a = 0.2 raised cosine filters and a channel with parabolic amplitude distortion
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Fig. 2 Eye diagram of the in-phase channel of the 1026-QAM sysiem using raised cosine filters with a roll-off factor of @ = 02
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Figure 7.22 16-QAM constellation
with geometric defects due to specific
faults. (a) 16-QAM radio: Normal con-
stellation plus eye-closure data. (b)

:;“;’_’:'B:"n‘n‘:;l:;kr p(:\)velf—gl::n: g' ?ct‘”/ E"‘J { HP ) Mﬁq\ng MM’

(AM-AM and AM-PM). contonety Avalisis and lustwmedsfion, , Peufice toet, 1787,
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Figure 7.22 (continued) (d) Expansion

due to underdrive of TWT. (e) 16

QAM radio: C/N ratio 20 dB (setup

using 1708A). (N 16-QAM radio: C/N

ratio 15 dB (setup using 3708A).

(continued)
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Figure 7.22 (continued) (g) 16-QAM

radio: interferer tone present. (h) t6-
dio: carrier recovery loop lock

misadjusted.

QAM radio: recovered carrier / vs. @
phase nonorthogonal. (i) 16-QAM ra-

(continued)



Figure 7.22 (continued) (j) 16-QAM
radio: multipath fade (+6 dB slope, 50
MHz to 90 MHz). (k) 16-QAM radio:

multipath fade (6 dB symmetrical
notch, 70 MHz). (1) 16-QAM radio:
multipath fade (10 dB symmetrical
notch, 70 MH2).



TABLE 7.7 16-QAM Degradation
Allocation at BER = 10°* (from [Bates,
7.7] with permission of the IEEE)

16 QAM

Quadrative carrier offset

amplitude imbalance 9%
Nyquist filters 15%
Timing recovery 6%
Carrier recovery 21%
Power amplifier 15%
Radio 2%
Total eye closure 68%

Resulting eye opening 32%
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1 e-='/’(1 - ﬁ) <0(x) < \/Zl_me-"”; a>0. (2121)

These two bounds are plotted together with Q(«) in Fig. 2.36.
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Figure 2.36 The function Q(x) and three bounds.
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Fig. 2. Computed power spectral densities for QPSK. (a) Spectral

density at pt. 4, Fig 1. Unfiltered, BT), = =, (b) Spectral density
at pt. B, Fig. 1. med. BT = 1. (c) Spectral density at pt. C, Fig.
1. Filtered, BT}, = 1, then limited. (d) Spectral density at pt. B, Fig.
1. Filtered, BT = 0. 75 (e) Spectral density at pt. C, Fig. 1. Filtered,
BTy = 0.75, then limited.
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Fig. 3. Computed power spectral densities for offset QPSK. (a) Spec-
tral density at pt. A4, Fig. 1. Unfiltered, BT = =. (b) Spectral den-
sity at pt. B, Fig. 1. Filtered, BT = 1. (c) Spectral density at pt. C,
Fig. 1. Filtered, BT, = 1, then limited. (d) Spectral density at pt.
B, Fig. 1. Filtered, BT, = 0.75. (e) Spectral dendty atpt.C, Fig. 1.
Filtered, BTj, = 0.75, then limlted.
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