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256-QAM Modem Performance in Distorted Channels
KUANG-T%AI\{ WU AND KAMILO FEHER

Abstract—Performance degradations of 256-QAM modems in dis-
torted channels are studled in this correspondepce Mustrative -linear,
parabolic, and sinusoidal %mp!ntude and group delay channel dlstortlons,
caused by filter lmperfectlons and/or by selective radio fades, are
investigated. To eqable an easy companson with 64-QAM systems, we
present the degradauons of these systems in the same figures as those of
256- QAM modems. It is shown ' that lmear (slope) group delay and
smusondal (ripple) amphtude dlstortlons cause the most significant
performance degradations.

I. INTRODUCTION

Digitial 64-QAM radio systems are described in many re-
ferences, including [1]-[4], [7]1-[10]. The theoretical RF
spectral efficiency of 64-QAM systems is 6 bits/s/Hz. With
a = 0.3-0.5 rolloff raised-cosine Nyqulst channel filters
[71, [10] a practical spectral effrcrency of 6 bits/s/Hz +
(1 +a) =45 brts/s/Hz Has been achieved. Due to the in-
creasing need for even higher bandwidth efficiency digita) radio
and’ hybrrd data-under-voice (DUV), data-in-voice (DIV)
and data-above-voice/video (DAV) systems [7], we consider
256-QAM 'as a next logical step, Am o = 0.2 raised-cosine
filtered 256-QAM modem could achieve a practrcal efficiency
of 8 bits/sfHz + 1.2 = 6.66' bits/s/Hz. For example, such a
high spectral efficiency is required for the DIV transmission
of a 1.544 Mbrt/s rate signal in the standard ahalog super-
group band of 240'kHz.

Although it is known that the sensitivity of higher order
modulation ~ techniques to different impairments .may in-
crease signjficantly with the number of. states, the perform-
ance 'of 256-QAM under various effects such as channel
distortions is not yet available in the literature. The objective
of this paper is to investigate the effect of channel fading
and/or hardware imperfections on 256-QAM. The struc-
ture of 256-QAM and the computer simulation model are
briefly described. The effects of ‘group delay and .amplitude
distortions with linear, parabohc or sinusoidal characteristics
on 256-QAM are evaluated Measured 256- -QAM eye diggrams
which confirm our computer 51mulat10n results are also
included.

H ANALYSIS AND DESCRIPTION OF COMPUTER SIMULATIONS

Fxg 1 shows a block dragram‘ of a 256-QAM system. The
modulated 256- QAM signal can be represented by (1)

s(r) = ReI:Z (In +an)g(t - nTs)ef27Tf0tj| (1)

n=0
where

Re [ ] denotes real part of
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fo is the carrier frequency
1T, is the symbol rate; for 256-QAM, T, = 87
1/T,  isthe bit rate '
g(t) is a pulse defined by

1 fo<r<T
gn= :

0 elsewhere

I, and Q, = %1, %3, -+, £15 are the sampled values of the
m—phase and quadrature symbols.

The simulation is performed entirely in the complex baseband
form as shown in Fig. 2. We report simulation results for
systems having a symbol rate of 15 Mbaud (120 Mbits/s). The
choice of this baud rate is for an easy comparison with the per-
formance 90 Mbit/s rate 64-QAM systems. The results can be
applied to another bit rate by appropriate scaling. In the simula-
tion® a perfect carrier and symbol timing is assumed. For fil-
ter1ng we use FFT techniques to alternate between the fre-
quendy and time domains. The assumed PRBS sequence length
is 16 384 bits, The number of samples per symbol is 32.

 The transmit and receive fﬂters are assumed as the ideal
square root of raised-cosine filters with Xx/sin x) equalization
in the transmitter, so that the whole system satisfies the
Nyquist first criterion [7], [10]. The resulting eye 'diagrams
for & = 0.1 and 0.4 are shown in Fig. 3(a) and (b) where
denotes the rolloff factor, that is, the ratio of the excess
bandwidth to the Nyquist band. The eye diagram of an o =
0.2 unequalized channel, having a sinusoidal group delay distor-
tion, is “illustrated in Fig. 3(c). Ilustrative measurement
results are shown in Fig. 4. .

Note that for the ideal filter there is no ISI at the opt1mum
sampling instant. However, data transition jitter is very signifi-
c¢ant, particularly in the a = = 0.1 filtered case. This indicates
that a.high-precision sampling clock is required.

For specified power of white Gaussian noise at the threshold
detector input, the error probability of the ith symbol with
respect to the in-phase channel is calculated as follows:

1 |S; — THRY; | _
—erfc{ —— } , for I; = %15
5 :

V2o
Pgl=(1 . 1S — THR1;| N ; <ITHR2i—§,~I
— erfc —erc —_——,
2 Vo 2 V2o

for I; = %1, 3, -, 13
where [; is the ith transmitted symbol of the in-phase channel,

S; is the magnitude of the ith received sample of the in-phase
channel,

THRL; =L~ 1; THR2;=|L{+1;

erfc (x) £ \—/_2;_ [x e

and o2 is the received noise power at the threshold detector
input. The error probability Py Q with respect to the quadra-
ture channel is obtained s1m11arly from (2), and for a se-
quence of N symbols in each channel, the average symbol
ertor rate Py is calculated as follows: '

N
1
Py= 1N - = (B + P 2),
i=1

(3)
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Fig. 1. 256 and/or 64 QAM system block diagram.
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Fig. 2. Computer simulation model of 256-QAM and 64-QAM systems.

Fig. 3. Eye diagrams of 256-QAM. (a) « = 0.1, (b) &« = 0.4, (c) a« = 0.2
with sinusoidal group delay distortion, D(f)= Sy sin (2aKf/2fzu). Sh=
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®)

(©)
Fig. 3. (Continued).

®)

Fig. 4. Measured 256-QAM and 64-QAM demodulated I-channel eye
diagrams. /-channel symbol rate f; = 200 kbaud corresponds to modem
bit rate of 1.6 Mbits/s (256-QAM) and 1.2 Mbits/s (64-QAM). Raised
cosine channel Nyquist filters (fy = 100 kHz) having a rolloff parameter
a = 0.2 and a 55 dB attenuation beyond 120 kHz, designed by Karkar
Electronics. Inc.. are used in this exneriment TTneanalized filtarc have a
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- 11I. GROUP DELAY DISTORTIONS

‘To ‘investigate the éffects of selective fading and/or radio
system hardware imperfections, we insert between the trans-
mit and the receive filters a linear filter with the equivalent
baseband transfer function C(f), as shown in Fig. 2. We may
express the frequency response C(f)as

C(f) =€) 10 )
and
A(fy=c(f) (5)
-1 do(f)
D _——— —
=7~ (6)

To simulate the group de‘lay distortion we assume there is
no amplitude distortion, i.e., A(f) = 1. The group delay
distortions are defined as follows

D(f) _
Lp-f for lineat group delay
= PD - f2 for paraboiic group delay
Sp *sin QaKf2fgw) for sinusoidal group delay
(7)
wliere

fpw &1 +a)fy

and fn is the Nyquist bandwidth in baseband. This (1 +
«)fyy bandwidth definition (for group delay distortion) is more
appropriate than fy, as it includes the critical effect of the
group delay at the edge of the filter attenuation band. In
the case of sinusoidal group delay, we present only results for
K = 4, The symbol error rate P versus average C/N is com-
puted. Typical results are shown in Fig. 5. We define a miaxi-
mum group delay 7,, in the filter bandwidth (2fg ) as follows:

Lp(2fg Wj ng for linear group delay
T 2 Pp(faw)?* ns for parabolic group delay
Sp ns for sinusoidal.group delay. (8)

The degradation of C/N as a function of 7, relitive to the
case with no distortion, for Pg of 10—%, is shown in Fig. 6.
Note that here we simulate a 120 Mbit/s system with o =
0.4. We also include the performance of a 90 Mbit/s 64-QAM
systém with a = 0.4 in Fig, 6, which is confirmed to be the
same as in [1]. Again we notice that for a given value of maxi-
mum group delay T in the filter bandwidth, linear group
delay causes the most severe degradation to the System’s
pérformance as compared to parabolic or sinusoidal group
delay distortions [1].

IV. AMPLITUDE DISTORTIONS

 For the simulation of the amplitude distortion, we assumie
the group delay distortion is equalized, i.e., D(f) is equal to
a constant. Three different characteristics for the amplitude
distortion are defined as follows:

A
LA 'f

Py .12 for parabolic afnplitude
= ) distortion

S4 *sin(RQTKf2fgw)
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Fig. 5. P, versus C/N for linear, parabolic, and sinusoidal group delay
dlstomons for 256- QAM with a bit rate of 120 Mbiis/s; i.e., 15 Mbaud
and & = 0.4. Noise is défined in the double-sided Nyquist bandwidth,
ie., the equivalent noise bandwidth is 15 MHz.
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Fig. 7. P versus C/N for linear, parabolic, and sinusoidal amplitude

distortions for 256-QAM with a bit rate of 120 Mbits/s, i.e., 15 Mbaud
and @ = 0.4. Noise is defined in the double-sided Nyquist bandwidth,
e., the equivalent noise bandwidth is 15 MHz.
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The symbol error rate P versus C/N is computed. A typical
result is shown in Fig. 7. Degradations of C/N for 256-QAM
and 64-QAM with 15 Mbaud and a = 0.4, versus maximum
amplitude distortion 4,, in the filter bandwidth, are plotted
in Fig. 8, where

L.(2fgw) for linear amplitude distortion
Ay 2 1P (Faw)? for parabolic distortion
Sy for sinusoidal distortion. (10)

We note that for a given value of maximum amplitude distor-
tion (A, ), linear amplitude distortion causes the least degrada-
tion, followed in order of increasing degradation by parabolic
and sinusoidal amplitude distortions.

V. CONCLUSION

The effects of amplitude and group delay distortions on the
error performance on 256-QAM have been studied. Computer
simulation and measurement results indicate that linear group
delay distortion is the most critical group delay parameter.
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On Variable Length Codes Under Hardware Constraints
HAIM GARTEN

Abstract-—A method for finding a variable length code set under the
constraint of maximal clock rate is presented. Given a probability vector
and requiring that the length of codewords would be an integer multiple
of some K (K >2) reduces the maximal clock rate needed in implementing
the compression system. On the other hand, given a maximal clock rate,
the method enables us to use a quantizer with more levels than the usual
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