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CHAPTER 4 BASEBAND SIGNALLING AND PULSE SHAPING

: the baseband pulse A(r) is now the inpuise response of the filter with transfer function

16( )12 = [P(AIG(£)12. This impulse response is the autocorrelationof the impulse response
of the combined transmitter-channel filter G(f),

wo = [ g eats +nas (423)
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FIGURE4.7 Baseband PAM mode. with a matched filter at the receiver.

With a matched filter at tie receiver, the equivalent discrete-time transfer function is
1 = k
Ty o = -

Heofe! } o= T Mﬁ Qﬁ\ Hv

GG

which relates the sequence of transmitted symbols {Ax} to the sequence of received samples
{3} in the absence of noise. Note that Hg(e’*™f7) is positive, real valued, and an even
furetion of f. Ifthe channel s bandlimited to twice the Nyquist bandwidth, then H(f) =0
for|f| > 1/T, and the Nyquist condition is given by Eq. (4.14) where H{f} = |G(f)P(f)I.
The alissing sum in Eq. {4.10b) can there'ore be described as a folding operation in which
the channel response |H(f)]? is folded around the Nyquist frequency 1/(2T). For this
reason, Heq{e/?T) with & matched receiver filter is often referred to as the folded channel

spectrum.
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2

2
(4.24)

jOne way to assess the severty of distortion due to intersymbal interference in a digital
corununications system is to examine the eye diagram. The eye diagram is illustrated in
Figs. 4.8a and 48b, for a raised cosine pulse shape with 25% excess bandwidth and an ideal
bandlimited chaanel. Figure 4.8a shows tte data signal at the receiver

“rno

y(t) =3 Akt —4T) +4() (4.25)

L Shankac(3.29¢) \

where h(t) is given by Eq. (4.17), & = 1/4, each symbol 4; is independently chosen from the
set {+1, 43}, where each symbal is equally likely, and 3(¢) is bandlimited white Gaussian
Inoise. (The received SNR is 30 dB.) The eye diagram is constructed from the time-domain
data signal y(t) as follows (assuming nominal sampling times at k¥T,k = 0,1,2,.. ):

*. Partition the waveform y(t) into successive segments of lengtt T starting from
t=T/2,

2. Translate eah of these waveform segments [y(t), (k + 1/2)T < t < {k + 3/2)T,
k= 0,1,2,.. ] to the imerval [-T/2,7/2), and superimpose.
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Figure 4.8a  Received signal ().
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Figure 4.8b  Eye diagram for received signal showa in Fig. 4.8a

The resulting picture is shown in Fig. 4.8b for the y(t) shown in Fig. 4.8a. (Partitioning
y(t) into successive segments of length iT, ¢ > 1. is also possble. This would result in
i successive eye diagrams.) The number of eye orenings is ons less than the number of
transmitted signal levels. In practice, the eye diagram is easily viewed on an owilloscope by
applying the received waveform y(¢) to the vertical deflection plates of the osdlloscope and
applying a sawtooth waveform at the symbol rate 1/7T to the horizontal defisction plates.
This causes successive symbal intervals to be translated into one interval on ths ascilloscope
display.

Each waveform segment y(t), (k + 1/2)T < ¢ < (k + 3/2)T, depends on the particular
sequence of channel symbols surrounding 4,. The rumber of channel symbols that affects &
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particular waveform segment depends cn the extent of the intersymbol interference, shown
n Eq. {4.6). This, in tum, depends «n the duratisn of the impulse response h{t). For
example, If #(t) has most of its energy in the interval 0 < ¢ < w7, then each waveform
segment. depends on approxinately m symbols. Assutning binary transmission, this implies
that there area total of 2™ waveform segments that cen be superimposed in the eye diagram.
{It is possible that only one sequence of channe! symbols causes significant intersymbol
interference, and this sequence occurs w.th very low probability.} In current digital wireless
epplications the impulse response typically spans only a few symbols.

The cye diagram has the following important features which measure the performance of
& digital comunications system.

4.4.1 Vertical Eye Opening

The vertical ooenings at ary time to. —T/2 < tg < T/2, represent the separation between
sgnal levels with worst-case intersymbol interference, assuming that y(t) is sampled at
times ¢t = KT+ #p. k = 0,1,2,... . Ttis possible fer the intersymbol interference to be
lerge enough so that this vertical opetiing between tome, or all, signal levels disappears
atogether. In that case, the eve is said t» be closed. Otherwise, the eye is said to be open.
A closed eye implies that if the estimated bits are ostained by thresholding tie samples
ykT), then the decisions will depend prinarily on the intersymbol interference rather than
oz the desired symbol, The probability of error will, therefore, be close to 1/2. Conversely,
wide vertical spacings between signal levels imply a large degree of immunity to additive
noise. In general, y(t) should be sampled at the times kT + £, k = 0, 5L2,..., where ty is
ckosen to maximize the vertical eye opening,

44.2 Horizontal Eye Opening

The width of each opening indicates the sensitivity to timing offset. Specificaly, a very
narrow eyc opening indicates that a small timing offset will result in sampling where the
eye is closed. Conversely, a wide horizontal opening indicates that a large timing offset can
be tolerated, although the eror probabilizy will depend on the vertical opening.

4.4.3  Slope of the Inner Eye

The slope of the inner eye indicates senstivity to timing jitter or variance in the timing
offset. Specificaly, a vary stesp slope meaas that the eye closes rapidly as the tiring offset
increases. In this case, a significant amount of jitter in the sampling times significantly
inereases the probability of error.

The shape of the eye diagram is determined by the pulse shape. In general, the faster
the baseband pulse decays, the wider the eye opening. For exampie, a rectangular puise
produces a box-shaped eye disgram (assuming binary signalling). Ths minimum bandwidth
pubeshape Eq. (4.12) produces an eye diagram which is closed for all ¢ except for f = 0. This
Is because, as shown carlier, an arbitrarily small timing offset can bad to an intersymbol
interference term that is arbitrarily large, depending on the data sequence.

4.5 _Partial-Response Signalling

To avoid the problems associated with Nyquist sigralling ever an idea’ bandlimited channel,
bardwidth and/er power efficizney must be compromised. Raised cosine pulses compromise
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bandwidth efficiency to gain robustness with respect to timing errors. >=o£.5. uOmmE_,:@ is
to introduce a controlled amount of intersymbol interference at the transmitter, .ﬁr_nw.nm:
be removed at the receiver. This approach is calied partial-response (PR) signalling.
The terminology reflects the fact that the sampled system impulse response does not have
the full response given by the Nyquist condition Ey. (4.7). .

To illustrate PR signalling, suppose that the Nyquist condition Eq. (4.7) is replaced by

the condition
hy = 1 k=01 (4.26)
0 all other &

The kth received sample is then

v = Ax + Ak_1 + T (4.27)

so that there is intersymbol interference from one neighboring 3&355..& gvc_, For
now we focus on the spectral characteristics of PR signalling and defer m:mn-mm_o: of how
to detect the transmitted sequence {Ax} in the presence of intersymbol :_.Smowmnnm. The
equivalent discrete-time transfer function in this case is the discrete Fourier transform of

the sequence in Eq. (4.26),

Heq(e727T)

o)

L e732IT = 2e73% T con(n ) (4.28)

H

As in the full-response case, for Eq. (4.28) to be satisfied, the minimum FE.E_J.E&W m.m the
channel G(f) and transmitter filter P(f) is W = 1/(2T). Assuming P{f) has this minimuem
bandwidth implies

2Te ™ T cos{n fT) £l < 1/(2T)
0 Ifi > 1/(2T)

H(f) = (4.292)

and

R(t) =T{ sinc (t/T)+ sinc [(t - T)/T}} {4.29b)

where sinc ¢ = (sinwz)/(7z}. This pulse is called a ducbinary pulse and isshown &o:m
with the meoﬁ.wﬁwa mﬁ.mv\mﬁu %mm. 4.9. [Notice that h't) satisfies Eq. T_.mmZ. CE.-_..“m the ideal
bandlimited frequency response, the transfer function H(f) in Eq. ﬁ.wm& is ocoatinuous and
is, therefore, easily approximated by a physically realizable filter. Duobinary PR was first
proposed by Lender, [7], and later generalized by Kretzmer, [6]. .

The main advantage of the duobinary pulse Eq. [4.28b), relative to .awm Em._,._z.c_d band-
width pulse Eq. {(4.12), is that signalling at the Nyquist symbol rate is ..@._m_z.m with zero
excess bandwidth. Because the pulse decays much more rapidly than a Nyenist pulse, it
is robust with respect to timing errors. Selecting the transmitier mma receiver filters so
that the overall system response is duobinary is appropriate in situations g&.ﬂa the chan-
nel frequency response G(f) is near zero or has a rapid rolloff at the Nyquist band edge

£ =1/(2T).



