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ABSTRACT : A parallel quadrature AM data transmission system
may be implemented with a number of overlapping channels, each
carrying a signaling rate b, spaced b/2 apart in frequency. When a

large number of channels are used, the system allows transmission

speeds very close to the Nyquist rate, with little sensitivity to delay
and amplitude distortion of the transmission medium. The receiver
requires precise phasing of the demodulating carriers and sampling
times in order to keep crosstalk between channels small. In the
presence of delay and amplitude distortion, better results are
obtained when half cosine roll-offs are used for shaping each channel
than for full cosine roll-off. This transmission scheme appears to be a
promising technique for achieving good performance at high in-
formation rates over bandlimited dispersive transmission media.

KEYWORDS: Amplitude Modulation, Audio Frequency, Cross-
talk, Data Transmission Systems, Detection, Digital Signals, Dis-
tortion, Filters, Multiplex, Signal-to-Noise Ratio, Telephone Sys-
tems.
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INTRODUCTION
N PARALLEL data transmission, an available fre-
quency band is divided into several channels by in-
dependently modulating a number of carriers of different
frequency. Since each channel occupies a relatively narrow
frequency band, parallel transmission is effective in
combatting the effects of amplitude and delay distortion
and impulsive noise.

It is tempting to avoid spectral overlap of the channels
in order to eliminate interchannel interference. However,
this leads to inefficient use of the available spectrum.
Higher overall signaling rates can be achieved if spectral
overlap is permitted, and some orthogonality relationship
is used to minimize the interference between adjacent
channels. Some commercial data terminals use this
approach. ! 21 Recently, Chang has presented general
conditions under which bandlimited channels, each carry-
ing a signaling rate b, may be spaced b/2 apart in fre-
quency with no resultant intersymbol or interchannel
interference.® Under these conditions, a total signaling
rate very close to the Nyquist rate allowed by the available
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bandwidth may be achieved through the use of a large
number of channels. The spectral roll-off of each channel
can be quite gentle, thus permitting easy filter design
~ and rapidly decaying waveforms.
" This paper considers the performance of a parallel
.data transmission system, which meets Chang’s criteria,
‘l over a dispersive transmission medium.
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- SystEM DESCRIPTION AND ANALYSIS Fig. 1. Spectrum of an efficient parallel data transmission
3 system, full cosine roll-off.
" The amplitude spectrum of an efficient parallel data
" transmission signal is shown in Fig. 1. Each channel | \
transmits a signaling rate b, and the channels are spaced ] ]
-b/2 apart. The channels all have identical spectral shaping oaTA care ! SAMPLE
and are each symmetric about its center frequency. The a Pl X o PATA
roll-offs about the frequencies displaced b/2 from the — SN wnr '
center frequency are the square roc root_of Nyquist roll- cos w '
offs.(4 This eliminates mtersymbol interference in each ‘y’o s ' C08 Bl e .
‘channel. The shaping shown in Fig. 1 is a full cosine roll-7 < » DATA
__off. Interchannel interference is eliminated when adjacent \g \'5'79)
channels are in phaae quadrature in addltlon to these -4
" requirements. _ F'M’* oK g brwole, ——
— In an unpublished proposal by Becker, each ¢hannel xs{p\ =y X bATA
formed by vestigial sideband modulation with equa,lm&’ NE,
vestigial and data roll-offs. The carriers for a,d]acent(j\& e SIN et Sihwet
channels are in quadrature. An equivalent. system may be (,P 2%% | | eare. €08 wat - €08 w, L .
_constructed using quadrature AM, which has identical pATA_L 1, . ol BATA
¢ performance in the presence '§ nmse and amplitude and a
i delay distortion. 111 [” . &Z A VSQP‘M - CLOCK 1| ' | crock 1
' CLi
A block diagram of this_efficient parallel quadlature’ b Vt s LOCK 2 lg /u! 4 Mm m /&

where two adjacent chan-

AM system is shoyn in i %
& annel ‘fﬁ%ansmlts two inde-;

nels are indicated. Toaeh™ ¢
pendent data streams, each of which suppressed~carrxer\
amplitude modulates one of a pair of quadrature carriers |
whose frequency is equal to that of the the center of the
channel. Each data stream has a signaling rate b/2, and
the timing of the two streams is staggered by 1 1/b. Ad-
jacent channels are staggered op) posxfél”f'r',"so that the data
streams which modulate the cosine carriers of the even
numbered channels are in’ﬂg}fgSsa with the data streams
that modulate the sine carriers of the odd numbered
channels, and conversely.

All filters F(w) in the transmitter and receiver are
identical and assumed to be real. The use of fche same
filtering at the transmitter and receiver assures bptlmum
performance in the presence "of white Gaussian noise. The
filters are bandlimited to the signaling rate in order to
eliminate the possmxhty of interference between any
channels that are not immediately adjacent.

>

F(w) =0, o] 2 nb. (1)

In addition, the transmit and receive filters in tandem
have a Nyquist roll-off-—

Fo) + F¥(ab —w) = 1, 0 < w < #wb/2. @)
The line signal is of the following form:
L [ L vl . . "\-" [ i C’Li < - ,
B\‘,\ A ST L N S [Tanb T,

\}@ﬁ

Flg 2. Bloek dlagra.m of para.llel quadrature AM system
s «\wg/ ) afm\yizﬁigé%@w S

s(t) = mg;d ,,:Zlm Cumf{§ — nT)cos(wo + mab)t +
3 }: banf(t — nT — T/2)sin{wy + mab)t +

modd n= —

> 5

7t even n= ~— @

Aunf(t — nT — T/2)cos(we + mab)t +

> _f; bunf(t — nT)sin(un + mub)t @)
where
T = 2/ b: (4)

J() is the inverse Fourier transform of F(w), and a,.,, and
bum are the information-bearing random variables.
Because of the symmetry of the system, only the
distortion in one subchannel due to the linear dispersive
transmission medium need be considered. The results will
be the same whether an even or odd numbered channel or
the sine or cosine subchannel is chosen. The measure of
distortion will be the maximum reduction in noise margin
for all possible message sequences in all channels. This
distortion measure is often referred to as the eye pattern
closure. Since the system is linear and time-invariant,
the distortion can be determined from the response to a
single pulse transmitted on each subchannel.
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The frequency response of the transmission medium
is of the form

H(w) = A(w)exp[je(w)] (®)

and let any constant time delay be ignored. Without loss
of generality, the distortion in the cosine subchanne] of the
kth channel will be considered, where & is odd and not one=
of the two end channels.

There are six possible components to the distortion
in this subchannel. The intersymbol interference and the
interference of the “quadrature subchannel due to dis-

persive media have been well studied.®L In addition,

distortion results from crosstalk of the adjacent upper and
lower channels. These components will be considered
separately.

The spectrum of the received signal when a single pulse
is transmitted in the subchannel of interest is

Si(w) = (I/DH@)[Flw — o) + Flo + vl (6)

where

Wy = Wy + k?l'b (7)

is the center frequency of the channel.
This signal is multiplied by 2 cos «f and filtered by
F(w). The resulting spectrum is

Ri(w) = (1/2)F*w)[H(w + @) + Hlw — w)]. (8)

This signal is sampled at time ¢ = & in order to recover the
data. The distortion is defined as the ratio of the sum of
the absolute values of the signal at all other sample times
to the signal amplitude at the central sampling instant.

Zntto + nD)|

1(to) @

]

where

n@) = 1/2% f _: Ru(w)exp (jut)do. (10)

The received signal for a single pulse on
subchannel is ’
G/DH@){F (o + wexplile + 90 T/2] —

Flo — apyexpljle — nk)T/?,]}.

The phase factor is due to the time displacement of the
pulse by half a signal period. After demodulating with
2 cos wyt and filtering, the spectrum of the gignal presented
to the sampler of the in-phase subchannel is

(G/2)F* () [H(o — ) — H(w Hw)] X
exp(juT/2). (12)
ntribute to the

the quadrature

Sy(w) =
(11)

All samples of this interfering signal ¢
distortion.

=t + )|

Dy = = (13)

Tl(

"‘g'\\/if(‘t ‘( HL)

{,Q‘;&,
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A single pulse on the in-phase channel of the (¢ + 1)th
channel leads to a received signal

Si(w) = (I/QH(@{F(o — o — 7b) X
exp[jle — w — 70)T/2] + Flo + o + 7b) X
expljlw + we + 70)T/21}. (14)
Using (),
Sa(w) = —(/DH@{F(o — v — 27/T) X
explile — w)T/2] + Flo 4+ o + 27/T) X
explj(e + w)T/21}. (15)

When multiplied by 2 cos w, and filtered, this interfering
component becomes

Ry(w) = —(1/2)F(@)[F(w — 27/T)H(w + o) +
Flo + 2v/TYH(w — o) Jexp(JuT/2). (16)

Again, all sample values of this signal contribute to the
distortion.

@

¥ It + T

n= -~

7’1(%)

The received single pulse signal for the upper quadra-
ture subehannel is

Silw) = (G/2)H(@)[Flo + w + 2¢/T) —
Flo — wp — 2m/T)].

As presented to the sampler under consideration, this
signal is

R4 (w) =

17)

D3=

(18)

(G3/2)F () [Flw + 22/T)H (o — w) —
Flo — 27/T)H{w + o] (19)

and D, is defined as in (12) and (16).
Similarly, the interference components from the
(k — 1)th channel are

RBs(w) = —(1/2)F(w)[F(w + 27/T)H(w + o) +
Flw — 27/T)H(w — wy)lexp(juT/2) (20)
Ry(w) = (G/2)F @) [Fw — 2x/T)H(w — o) —

Flo + 20/THH(w + wr)] (21)

due to the in-phase and quadrature subchannels, re-
spectively. D and Dy are also defined as in (12) and (16).
The total distortion is the sum of these six components.

6
= 2 Du
m=1

It should be noted that D strongly depends on the choice
of sampling time 4. As a strict measure of the loss of noise
margin, the distortion should account for any reduction in
the wvalue of (). However, if & is properly chosen,
this effect is slight compared with the amplitude of the
interfering components. The distortion measure used
here has the advantage of being applicable to multilevel

(22)



808

signaling with any size alphabet. In particular, for m-
level signaling, errors will result without noise when

(23)

REesurts

No Impairment

When the transmission medium is distortionless,
H(w) = 1, and there is no distortion in the signal pre-
sented to the sampler at time #, = 0. The spectrum of the
signal of the subchannel of interest at this point is just
F?*(w). Since this spectrum satisfies (2),

rn(rT) =0, n 0. (24)

There is no crosstalk at all from the quadrature sub-

channel. Equation (}‘1) becomes

27 Riw) =0 (25)

when there is no distortion in the transmission medium.
Consider now the crosstalk from the upper in-phase
subchannel. From (15)

Rs(w) = —(1/2)F(w)[F(w — 20/T) + F(w + 27/T)] X

_ exp(jwT/2). (26)
Since F(w) is even and satisfies (1),
25/ T
ri(t) = —1/21rf F(w)FQ2n/T — «) X
0
cos w(t + T/2)dw. (27)
Substituting 4 = w — #/T into (26),
w1
hsl) = 1/2% f Flu+ =/DF@ — =/T) X
sin(ut — wt/T + uT/2)du. (28)

At the sampling times, {, = nT,

O e Vi f "/TTF(u ¥ /T Flu — =/T) X

2w )

"

sin u(nT + T/2)du. (29)

Since the integrand of (28) is an odd function, r3(nT) = 0.
Thus there is no contribution to the distortion at the
proper sampling instant. However, (28) is in general
nonzero at times other than integral multiples of 7.

The spectrum of the crosstalk signal due to the upper
quadrature channel is

Rue) = (/2F@F@ + 20/T) — Flo — 25/T)] (30)
27 /T
r(l) = 1/27 f F(w)F2x/T — w)sin wt dw (31)
0

or, again substituting u = w — w/T,

/T

rt) = 1/2x f_w/TFiu + 7/T) Flu — n/T) X

sin (u — 7/T)t du. (32)
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It can readily be seen that the integrand of (32) is an
odd function when &, = nT, so that r,(nT) = 0. However,
there is an addition to the signal of interest at other
times.

Similar results are obtained for the crosstalk from the
lower channel.

Figure 3 is an outline of the upper half of a binary eye
pattern when a full cosine roll-off is used.

F(w) = cos wT/4, |o| < 2x/T. (33)

The curves in Fig. 3 are plots of r, n(1 + D), and
ri(1 — D) versus /7. It can be seen that the width of the
open part of the eye is only about 24 percent, so that for
binary transmission, errors will result without noise when
the sampling time deviates from the proper instant by 12
percent. Multilevel systems can tolerate far less sampling
time error. Accurate timing, in terms of fractional allow-

able error, is therefore essential in efficient parallel systems

even when the transmission medium is distortionless.

Phase Offset

In the previous section it was assumed that the de-
medulating carrier had the correct phase. Degradation
will result when a phase error exists. For the purposes
of analysis, a phase error in the demodulating carrier is
equivalent to a constant phase offset of the same mag-
nitude and opposite sign in the transmission medium.
The resultant distortion will be calculated when

H(w) = expljeosgn «] (34)

where sgn © = w/]w|.
Calculations similar to the previous ones lead to the
results

2 /T
r{t) = (1/%) cos ¢o f F?*(w)cos wt dw (35)
0
2x/T
ot — T/2) = (1/7)singy j:) F*(w)cos wt dw  (36)
/T
r(t — T/2) = —1/2r L F@F@n/T — w) X
cos(wt + @o)dw (37)
2r/T
rt) = 1/2n j:) F()F@2n/T — w) X
sin(wt + @p)dw  (38)
2x /T
rs(t — T/2) = —1/2rx j:) FF@2r/T — w) X
cos(wt — gp)dw (39)

and
2x/T
re(l) = —1/27 j; F)F2r/T — w)sin(wt — @g)dw.

(40)
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Fig. 3. Upper half of binary eye pattern outline for subehannel of
parallel quadrature AM system, full cosine roll-off, no distortion.
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Fig. 4. Sensitivity to carrier phase offset, full cosine roll-off.

10 /
0.8

TOTAL

/

SINGLE
CHANNEL
o2 / /

DISTORTION

0 10 20 30 40 50
PHASE ERROR IN DEGREES

Fig. 5. Sensitivity to carrier phase offset, half cosine roll-off.

All components but the first contribute to the distortion.
Figure 4 shows the distortion at the best sampling time
ty, versus ¢ for a system using full cosine roll-offs. The
upper curve shows the total distortion, while the lower
curve is a plot of Dy + D,, the distortion resulting when
the upper and lower channels are removed. It is seen
that the parallel system is approximately three times as
sensitive as the single channel to carrier phase error.

Similar results are plotted in Fig. 5 for a system using
half eosine roll-offs.

L

— 809
1; 0< w< /2T
T — w/2
F(w) = (cos (3—2-1—%3 r/2T<w<3n/2T (41)
0, w > 3r/2T.

It can be seen that although the single channel is more
sensitive to carrier phase error than when full roll-off is
used, due to slower decay of the waveform, the sensitivity
of the parallel system. is only slightly increased since
there is less erosstalk from adjacent channels.

Delay Distortion

If the parallel system includes many channels, then
the bandwidth of any one channel is small. In this case it
is usually possiblé to approximate the delay distortion of

the_transmission medium by a Tinear function of fre-
quency over the frequency band of one channel. Since we
are not concerned- with flat delay, the delay distortion
may be considered to-be zero atthe center of the band of
interest. Then, if we are examining the kth channel, the
delay distortion can be written as

L{w) = d{w — w)/27 (42)

where d is the slope of the delay distortion in s/Hz. Then

o(w) = J L(w)dw 43)
elw) = @ + dlw — wp)?/4n (44)
and
H(w) = exp{jlos + d(w — w)?/4nlsgn(w)}. (45)
After some manipulation we obtain
: 2x /T
n{t) = 1/# j:) F2(w)cos(po + de?/Am)cos wl dw  (46)
: 20/ T
n{t — T/2) = lfarj; F2(w)sin{gy + dw?/47) X
coswt dw  (47)
2r /T
Pt — T/2) = —1/2x f FF@r/T — o) X
0
cos(ewt + @ + do?/dm)de  (48)
2n /T
() = 1/27 fo F)F@r/T — w) X
sin(wt + @0 + dw?/dm)de  (49)
20/ T
st — T/2) = ——1/21rf F)FQ2r/T — w) X
0
cos(wt — ¢y — do?/dn)dw (50)
and
25/ T
r(t) = —1/2r ﬂ’ F@)P@r/T — ) X
sin{wt — @y — dw?/4n)dw. (51)
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The distortion at the optimum sampling time is plotted
in Iigs. 6 and 7 for the full cosine roll-off and half cosine
roll-off systems, respectively. Ir each case, curves are
shown for the channel without crosstalk from adjacent
channels, and for the parallel system both when ¢, is set
equal to zero and when the optimum demodulating phase
is used. The delay distortion is normalized to d/T?. This
normalized quantity is equal to the ratio of the difference
in delay between adjacent carricr frequencies to the signal
period 7. It is also equal to the phase difference between
adjacent carriers, multiplied by . The curves are all
approximately linear, at least in the low distortion region.
The slopes k of these lines are given in parenthesis for each
curve. The distortion can then be approximated by

D = kd/T". (52)
Equation (52) illustrates the effectiveness of a parallel
system in combatting delay distortion. If a given band-
width is subdivided so as to transmit a given total signaling
rate, then the signal period of each channel T is propor-
tional to the number of channels. The distortion D is then
inversely proportional to the square of the number of
channels.

™ A comparison of TFigs. 6 and 7 shows that although
the full roll-off system is considerably less sensitive to
delay distortion than the half roll-off system if there

_are no adjacent channels, the reverse is true for the
efficient parallel system. In this case, the increased cross-
talk from adjacent channels dominates the self-distortion
to the extent that the total performance is definitely
worse when full roll-offs are used.

The best demodulating phase is very near to that
of the received signal at the carrier frequency when there
are no interfering channels. However, Figs. 6 and 7 show
that the performance of the parallel system can be sub-
stantially improved by altering the demodulating phase.
The best phase is approximately equal to

—¢y = d/4nT? (53)
When (53) holds then, from (44),
ol £ /1) = 0. (54)

The arguments of (54) are the frequencies midway be-
tween channels, where the maxima of the crosstalk
spectra occur. A near optimum strategy therefore con-
sists of eliminating the phase error at the center of the
crosstalk regions, thus reducing the crosstalk and ac-
cepting the increased self-distortion. Figure 8 illustrates
the effect of demodulating phase on distortion for the
example of full cosine roll-off and delay distortion d/7? =
0.4. It can be seen that although the self-distortion is
near minimum when ¢, = 0, the total distortion is close
to its minimum when (53) is satisfisd by a phase of 18°.
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Amplitude Distortion

The system performance will be considered when the
transmission medium has no delay distortion, but has an
amplitude characteristic that is not constant with fre-
quency. Then

20/ T
(@) = 1/27rf0 F2(e) [Awr + @) + Alr — )] X
cos wt dw  (H5)

2w /T

ot — T/2) = 1/27 F2(w)[A(w, + w) —
Awp — w)lsin wl dw  (56)
rst — T/2) = —1/2x 27r/TF(w)l"’(QW/T — w) X

A(wy + w)cos wt dw  (57) -

27/ T
ra(t) = 1/27m J'o F()F2x/T — w) X

811

The distortions calculated in this paper are applicable
to channels in the interior of the frequency band. The
two end channels will have considerably less distortion
since crosstalk from only one other channel can exist.
This effect is helpful in using a larger part of the frequency
range of transmission media such as voice telephone
facilities, in which the degradations increase gradually at
the band edges.

In the presence of delay distortion, it is essential
that the receiver separately adjusts the demodulating
carrier phase and the sampling time for each channel. In
addition, these adjustments must be fairly precise and
free of jitter due to the high sensitivity of the system to
these errors. An efficient parallel data system will there-
fore inevitably be a costly one to implement.

The strategy of designing an efficient parallel system
~should concentrate more on reducing crosstalk between
Zadjacent channels than on perfecting the individual

channels themselves, since the distortions due to cross-
talk tend to dominate. s Ci ol DZ = .

A CepssT-SQAM
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Figure 9 contains plots of performance when the
amplitude distortion is approximated by an exponential
~ function of frequency over the frequency band of one
channel. This type of distortion is commonly found in
voice telephone circuits. ¥ The abscissa is the variation in
dB of the amplitude characteristic over a frequency
interval b/2. The distortion now decreases only linearly
with the number of channels.

The self-distortion is almost the same for full and half
cosine roll-offs. As in the case of delay distortion, the
performance of the total system is better when half roll-
offs are used. The increase of distortion due to crosstalk is
less for amplitude distortion than for delay distortion.

CoNCLUSION

Parallel quadrature AM transmission provides a method
of transmitting digital data at speeds very close to the
Nyquist rate of bandlimited channels without using sharp
cutoff filters. In addition, the use of a large number of
narrow channels is effective in combatting delay and
amplitude distortion of the transmission medium.

presence of phase distortion,” Bell Sys. Tech. J., vol. 40, pp. 353—
422, March 1961.

T A. A. Alexander, R. M. Gryb, and D. W. Nast, ‘“Capabilities
of the telephone network for data transmission,” Bell Sys. Tech. J.,
vol. 39, pp. 431476, May 1960.

3

2
It e I .
\\J@ FUTAR N S

Burton R. Saltzberg (8'52-M’55)
was born in New York, N. Y., on
June 20, 1933. He received the
B.E.E. degree from New York
University, N. Y., in 1954, the M.S.
degree from the University of
Wisconsin, Madison, in 1955, and
the Eng. Sc.D. degree from New
York University, N. Y., in 1964.

He served in the U.S. Army
Signal Corps from 1955 to 1957.
Since joining Bell Telephone Lab-
oratories, Inc., Holmdel, N. J,, in
1957, he has been engaged in the
design, development, and analysis
of data transmission systems. He is
currently involved in fundamental theoretical studies in the field of
data communications.

Dr. Saltzberg is a member of Tau Beta Pi, Eta Kappa Nu, and
Sigma Xi.






