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ABSTRACT

We analyze mathematically a VSB (vestigial side-band)

transceiver system for the Advanced Television Sys-
tems Committee (ATSC) digital television standard
and extract a near-baseband equivalent VSB channel
model. This model shows the multi-path fading effect
of the quadrature component on the in-phase compo-
nent. Also, we obtain a simplified model of the VSB
transceiver system, which is represented by convolu-
tion of the transmission signal (before modulation)
and the VSB channel. This simplified model is effi-
ciently used for simulation of VSB systems to improve
its performances, especially in an equalization part.
Applying the DTV channel specifications tested by
the Advanced Television Test Center (ATTC) to the
channel model, we obtain an equivalent VSB channel
and show the equalization result by using the conven-
tional decision-feedback equalizer (DFE).

I. INTRODUCTION

In the terrestrial digital television (DTV) stan-
dard of the Advanced Television Systems Committee
(ATSC), 8-vestigial sideband (VSB) has been adopted
as a modulation method {1][2]. Compared to the coded
orthogonal frequency division multiplexing (COFDM)
modulation of the European and Japanese DTV stan-
dard, the VSB transmission system has an advantage
of wide coverage area but suffer from multi-path fad-
ing [3]. To solve the problem, there have been many
efforts in various ways. One of the major things is to
develop an efficient equalization method [4].

Since the VSB modulation has an asymmetrical
property, the VSB-modulated signal includes quadra-
ture components as well as in-phase ones. This fact
vields that the in-phase and quadrature components
affect each other under multi-path fading channels.
To compromise such channel effects, the equalizer has
to suppress both the in-phase and quadrature multi-
path fading effects appeared in the in-phase signal.

In this paper, we analyze mathematically the 8-
VSB transceiver system for the ATSC standard and
extract a near-baseband equivalent channel model.
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Figure 1: VSB simulation model.

This is efficiently used for simulations of the VSB
system to improve its performances, especially in an
equalization part. Applying some channel informa-
tion specified by the Advanced Television Test Cen-
ter (ATTC) to our mathematical channel model, we
obtain an equivalent VSB channel. Then, the channel
output signal is equalized by the conventional decision-
feedback equalizer (DFE) and the results are shown.

I1I. SYSTEM DESCRIPTION AND
MODELING OF THE 8-VSB SYSTEM

A functional block diagram of an VSB system is
shown in Fig. 1. In this section, we explain the role of
each block and simplify the VSB transceiver channel
model. ‘

II-A. Pulse shaping

Letting {ax} and s(¢) be an information symbol
sequence and a continuous-time signal comprised of
the information symbols, respectively, we obtain

s(t) =) axd(t — kT), (1)

k=0
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Figure 2: Spectrum of a square-root-raised-cosine fil-
ter.
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Figure 3: VSB filtering and up-converting (a)
VSB filtering (z(t) * /g(t)e’*1*, where w; =
2r x 5.38 MHz), (b) up-converting to near-
baseband frequency ([z(t)* /g(t)e’ !} e7*1!), and
(c) extracting the real part for transmission

(2Re { [2(2) * /g(t)eiv1?] eF1t}).

where t = ﬁMI (n = 0,1,2,--)'. In order to avoid
inter-symbol interference (ISI), pulse-shaping filters
(PSF) satisfying the Nyquist criterion are used at the
transmitter [5]. For such a PSF, we use a raised-
cosine (RC) filter comprised of a pair of square-root-
raised-cosine (SQRC) filters at the transmitter and
the receiver [2]. Note that the SQRC filter at the
receiver has a role in matched-filtering. Let g(t) and
/9(t) denote a RC filter and the corresponding SQRC
filter whose spectrum is shown in Fig. 2. These two
functions have the relationship of

9(t) = va(t) » Va(2), ()

where * denotes a convolution operator. The pulse-
shaped signal z(t) represented by

z(t) = s(t) * V9 (?)- (3)

1I-B. VSB filtering and Up-converting

The pulse-shaped signal is modulated by the VSB
filter and then up-converted with the near-baseband

!'We use a discrete-time model for analog representation to
simulate transceiver systems. To achieve it, the information
symbols are over-sampled by inserting M — 1 zero symbols. In
that case M becomes the over-sampling factor of the symbol
frequency
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Figure 4: Up-converting to passband and SAW filter-
ing

frequency of 5.38 MHz. Fig. 3 shows the procedure of
VSB filtering and up-converting in frequency domain.
The resulting signal z,(t) can be obtained as

Zy(t) Re {[z(t) 2\/§(t)ej“’1t] elit}
= z7(¢) coswit — xg(t)sinwit, (4)
where
wy = 2nf; = 2r x 5.38(Mhz),
zi(t) = =z(t) * 2\/g(t) coswt,
zg(t) = z(t) *2\/g(t) sinw;t. (5)

II-C. Up-converting to passband and SAW fil-
tering

The VSB modulated signal is up-converted with
the carrier frequency of w, by multiplying 2 cosw,t. It
follows that a SAW filter extracts only upper-sideband
components of the up-converted signal. The process
is shown in Fig. 4 and is described as follows:

z5(t) Fsaw {z,(t) X 2 cosw,t}

xr(t) cos (we + wr)t — zo(t) sin (we + wy )i,
(6)

where Fsaw {-} denotes a passband filtering with the

SAW filter.

II-D. Multi-path Fading Channel

Consider linear and time-invariant FIR channels.
Multi-path fading is the major cause of channel dis-
tortion. We consider three factors for the multi-path
fading effect, such as:

e @;: attenuation constant at ith path

e f;: phase shift at ith path

e 7;: relative time delay at ith path
The output of the channel is given by

z.(t)
N2
= Y ozt — ) cos[(we +wi)(t — 7:) + 64]
=
Nz
= 3 cumo(t — ) sin [(we + wi)(t — ) + 6]
)
+ w(t)
Na
= Z a;[z1(t — i) cos i — £ (t — ;) sin @)

i=—Nj
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x co8 (we + w1 )t
N2
- Z a; [zt — 13) cos @y + 5 (t — ;) sin ¢;)
i=—N
x sin (we + w1 )t

+w(t), (7)

where

¢ = 0; — (we +w1)7i, (8)

N; and N3 are the numbers of pre-cursors and post-
cursors of the channel, respectively, and w(t) is a
white Gaussian noise process with power spectral den-
sity of 2.

II-E. Down-converting to near baseband

At the receiver, the received signal distorted by
the channel is first down-converted to near baseband
prior to matched filtering. Let € be a phase differ-
ence between the carrier frequency and the oscillator
frequency of the synchronous detector. Using the os-
cillator, we obtain the near-baseband received signal

z,(t) given by

z,(t)
= z.(t) - 2cos(wct —¢)

N2
= Z «; COS (¢1 +5)

=M
x [z (t — ) coswit — zo(t — ;) sinwyi]

Na
- Z o;sin (¢; + €)
Nty
x [zo(t — 7;) coswit + zr(t — ;) sinw; t]
+w(t) - 2 cos (Wt — €) (9)

II-F. Matched Filtering

Under white noise condition, matched filtering max-
imizes the SNR (signal to noise ratio) of an input sig-
nal {5]. We compute the output of the matched filter
at near-baseband. The impulse response of the filter
is given by

(f t)*2\/"(t) coswyt) coswn t
t) * 2,/9(t) sinw; t) sinwy t.

Using (3) and (4), it can be easily shown that the
output of the matched filter becomes

Vayt) =

zr(t) * gm(t)

N2
Z a; cos (¢; +¢€)

i=—N;

Tn(t) =

x[{s(t — ;) * grrr(t)} cosent
"{S(t - Ti) * gMQ(t)} sinwlt]

N3
— Z a;sin (¢; +€)

=N,
x[{s(t — 7:) * gmo(t)} coswit

+{s(t — 7;) * gary ()} sin wlt]
+w(t) - 2cos (wet — €) * \/g,,(t), (10)
where
gumr(t) = g(t) * 2g(t) coswit, (11)
gmolt) = g{(t) *2g(t)sinwt. (12)

II-G. VSB demodulation

The matched filtered output is demodulated by
down-conversion to the baseband and low-pass filter-
ing. The demodulated signal is

za(t) = zm(t)-2coswit
= % o cos (@i +€) - [s(t — 7) * gmr(t)]
i=-—11\i,12
- Y- aisin(gi+e) - [s(t— ) * gmq(t)]
+w=(;)N»: V() * 2,/9(t) cos w t, (13)

where we have used the approximation of
w(t) - 2 cos (wet — €) = w(t)

because w(t) is a white process.
Letting

Bi = a;cos (¢; +€) and v = o;sin{¢; +¢),
using (11) and the relationship of
s(t—1i) =s(t)*6(t - 7)),

and then rearranging in (13), we obtain

N,
Z [Bihs(t — 1) — viho(t — )]

zq(t) =
i=—N)
*g(t) * s(t)
+w(t) * /g(t) * 2\/g(t) coswi t, (14)
where 4(t) is the Dirac-Delta function and
hr(t) = 2g(t) coswit (15)
ho(t) = 2¢(t)sinwt. (16)

So, we can find the real impulse response of the
baseband equivalent VSB channel model hg(t) by rewrit
ing (14) as

za(t) = hr(t)*g(t)*s

(8)+/9(t)*2,/g(t) cos witxw(t),

(17)
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Figure 5: Baseband equivalent VSB simulation

model.

where

No
ha(t) = Y [Bihi(t — ) — viho(t— 7).  (18)
i=—N;

The discrete-time form of the equivalent channel is
obtained by uniformly sampling hg(t) at an integer
fraction of the symbol period, T'/M and is given by

No

haln}= > (Bihiln — di) — vihgln — di) . (19)
i=—N,;

Fig. 5 shows the simplified block diagram based on
the equivalent VSB model.

III. SIMULATION RESULTS

We present a simulation result using the equivalent
VSB model whose channel is obtained by introduc-
ing channel information specified by the ATTC {6].
The channel is an ensemble of five echoes with de-
lays, amplitudes, and phases and is shown in Table 1.
Fig. 6 gives the amplitude and phase responses of the
channel. Note that the channel exhibits deep fading
frequencies. The equalizer input SNR for the 8-VSB
scheme is 20 dB. We use a symbol-spaced DFE(64,192)
(64 forward taps and 19 feedback taps) in the train-
ing mode (2-VSB). The eye-diagrams before and after
equalization are shown in Fig. 7. Though the DFE
opens an eye, the margin is not small enough to make
error-free decisions. This means that more efficient
equalization schemes are required to improve the per-
formance of 8-VSB receivers for severe channels.

Table 1: Static Multiphth used by ATTC

| Delay (us) | Amplitude (dB) [ Phase (degree) |

-1.75 -20 45
+0.197 -20 167
+1.80 -10 25
+5.75 -14 66
+17.95 -18 225
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Figure 6: (a) Amplitude response. (b) Phase re-
sponse.
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Figure 7: Eye diagram (a) Equalizer input signal. (b)
Equalizer output signal.

IV. CONCLUSION

The equivalent VSB channel model has been de-
rived by mathematically analyzing the VSB transceiver
system for the ATSC DTV starndard. Since the VSB
is an asymmetrical modulation method, though chan-
nel information such as delays, amplitudes, and phases
is given, the impulse response of the corresponding
channel cannot be directly shown. In this paper, how-
ever, we show that with the derived model it can be
easily obtained from such channel information. There-
fore, the equivalent VSB model is very useful for sim-
ulations of the VSB system to improve its perfor-
mances, especially in an equalization part.

REFERENCES

[1] ATSC Digital Television Standard, Doc. A/53 [online].
Available WWW: http://www.atsc.org/stan&rps.html,
Sept. 1995.

[2] Guide to the Use of the ATSC Digital Television
Standard, Doc.  A/54 [online]. Available WWW:
http://www.atsc.org/stan&rps.htmli, Oct. 1995,

[3] Y. Wu, “Performance comparison of ATSC 8-VSB and
DVB-T COFDM transmission systems for digital tele-
vision terrestrial broadcasting,” IEEE Trans. Consumer
Electronics, vol. 45, pp. 916-924, Aug. 1999.

[4] M. Ghosh, “Blind decision feedback equalization for ter-
restrial television receivers,” Proceedings of the IEEE,
vol. 86, pp. 2070-2081, Oct. 1998.

{5] J. G. Proakis, Digital Communications, 2nd ed., Mcgraw-
Hill, New York, 1989.

[6] Comm. Research Center, “Digital Television Test Results
— Phase 1,” CRE Report No. CRC-RP-2000-11, Ottawa,
Nov. 2000.

- 308 -



