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ABSTRACT

In this paper, we propose /8 shift 8PSK and trellis-coded n/8 shift 8PSK-OFDM techniques by applying T
/4 shift QPSK to trellis-coded modulation (TCM), and performing signal set expansion and set partition
correspondingly based on phase difference. In our Viterbi decoding algorithm, up to L phase differences from
successively received symbols are employed in the new branch metrics. Such sliding multiple symbol
detection (SMSD) method provides improved bit-error-rate (BER) performance in the differential detection of
the trellis-coded n/8 shift 8PSK-OFDM signals. The performance improvements are achieved for different
communication channels without sacrificing bandwidth and power efficiency. It thus makes the proposed
modulation and sliding detection scheme more attractive for power and band-limited systems.

Y=
TCM, t}& 44 7434, OFDM, cb3 uh4s

I. Introduction radio communications and multimedia commun-

ications [1], (2], [3]. This is mainly because of the

Recently, multicarrier modulation schemes, often need to transmit high data rate in a mobile
called orthogonal frequency-division multiplexing environment that makes a highly hostile radio
(OFDM), have received a lot of attention in the channel [1]. The OFDM system has to cope with
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multipath propagation channels in a realistic radio
environment. Intersymbol interference (ISI) can be
avoided due to inserted guard interval. However

frequency-selective fading may still cause the
subcarriers strongly attenuated by the radio
channel. Therefore it 1is difficult to achieve

considerable data rate for a multimedia data
transmission. To attack this problem,
coding seems to be a solution. In order to gain

channel

high data rate, an efficient channel coding scheme
has to be used In 1982, the trellis-coded
modulation (TCM) method was developed by
Ungerboeck for power and bandwidth efficient
digital communications [4] where the coding gain
was improved by combining the channel coding
and modulation.

In this paper, in order to apply the /4 shift
QPSK to TCM, we propose trellis—coded (TC) /8
shift 8PSK and the /8 shift 8PSK modulation
techniques by performing signal set expansion and
set partition by phase difference. Also, the Viterbi
decoder with branch metrics of the squared
Euclidean distance of the first up to the L-th
phase differences is introduced in order to improve
the BER performance in differential detection of
TC 1/8 shift 8PSK. Exploitation of branch metrics
is thus well integrated in our detailed Viterbi
algorithm.

Il. Transmission System and
Trellis-Coded n/8 shift 8PSK-OFDM

Fig. 1 shows the considered TC n/8 shift
8PSK-OFDM transmission system. The coded bit
sequence is mapped into /8 shift 8PSK
modulation signals by the signal mapper for each
subcarrier, i.e., for the subcarrier in the current
OFDM symbol, the bits 2%, z}, 22 are mapped onto

the phase difference symbol x,.
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Fig. 1. TC /8 shift 8PSK-OFDM Transmission
System

By wusing signal set expansion and signal
mapping by set partitions, significant coding gain
can be achieved. To apply the ideas of n/4 shift

QPSK to TCM, the =#n/(nt1)

encoder is used to expand the signal set from 2"

convolutional

to 2""Y(#=2), and to maximize the Euclidean
distance between the signals. The signal sets of
the 1/4 shift QPSK are expanded from 4 phase
difference states (fn/4 and *31/4) to 8 phase
difference states (*n/8, =3n/8 =5m/8 and T7n/8).
For a brief explanation, the constellation diagrams
of the incoherent 7/8 shift 8PSK are shown in Fig.
2. The convolutional encoder and trellis diagrams
are the same as those of [4], [0], [6].

A TCM is used as an inner code in order to
correct the error events that consist of few bit
errors. If a burst of symbol errors occurs at the
channel output, the TCM can not be decoded
correctly. Therefore, symbol interleaving is used in
order to spread the bit errors over the entire

OFDM symbol.

y

/4 shift QPSK

Fig. 2. The consteliation of the
and /8 shift 8PSK
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As the next step in the transmitter, an inverse
fast Fourier transform (IFFT)
order to calculate the discrete time OFDM signal.

is performed in

Furthermore, a guard interval is added to the
signal as a periodic extension of the IFFT output
sequence. The transmitted signal is distorted by
channel

the frequency-selective  radio and,

furthermore, AWGN is added.

lli. Trellis-Coded n/8 shift 8PSK-OFDM
with Sliding Multiple Symbol Detection

In the m/4 shift QPSK or the TC /8 shift
8PSK, information is transmitted by the phase
and the
previous signal. At the receiver, only the phase

difference between the cuwrrent signal

difference between the two sampling instants is
needed for detecting information. But as shown in
[7], the L-th order
difference between the current signal and the L

phase difference (phase
-th previous signal) is capable of nonredundant
error correction by operating as a syndrome, or as
in [8],
detection to improve the performance of MDPSK.
show that the Viterbi
decoder can improve the BER performance by

[9] one can perform multiple symbol

In this paper, we will
using the branch metric with first and L-th order
The Viterbi
equivalent to the sliding multiple symbol detection

phase differences. decoder is
by means of using the branch metric with the
first up to the L-th order phase differences. Also,
the proposed algorithm can be used in the TC
MDPSK as well as the TC 1/8 shift 8PSK-OFDM.

Consider a transmitted signal sequence set of
the TC m/8 shift 8PSK-OFDM with multicarrier

number MC
S=(S", 8!, 8, 8T (1)
Each S; is a transmitted signal seqguence set of

the 7th subcarrier with length N and represented

S'=(S}, S}, S +-Sk-1) (2)
In each sequence S; is a symbol of the TC n/8

shift 8PSK-OFDM to be transmitted
subcarrier. It has the following complex form

Si= exp (76} (3)

where 6, denotes the transmitted signal phase

in each

and takes one of the 16 values from the set
{27m/16 + 7/8, m=0,1,---,15}. Then in the case of
the TC n/8 shift 8PSK-OFDM
Sio= exp(f@i} A
= exp (G4 + 401+, , (4)
+ A0 ot + 40))

_of i i i
=S L Xk—rL+1 "t XkeL+2 Xk

The differential encoded TC 1m/8  shift
8PSK-OFDM  signals are transmitted over a
Rayleigh fading  (frequency selective radio)
channels with AWGN. The received TC 1/8 shift
8PSK-OFDM  symbol sequences  for  each
subcarrier can be written in the form of
R'=(R),R,--,Ry_|). Here, Ri is the k-th
received symbol in each subcarrier 7,

Ri=a}- Si+ N
k=0,-N—1 and i=0,-MC—1 (5)

where o, and N, are complex Gaussian

random variables representing the channel fading
and additive Gaussian noise of the considered
subcarrier respectively. As the result of channel
estimation, the receiver is assumed to know the

channel transfer factor e exactly. The Ni's are a

set of statistically independent and identically
distributed variables with variance
H:—%E(M;- N;;‘)=N0 6)

N, is the one-sided power spectral density of
the AWGN.

In order to improve the BER performance, we
will apply the SMSD technique to trellis decoding
total L differences

by  extracting phase

537
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¥} & ¥ e Where L has to be smaller than the
variation of the channel transfer factor. The /-th
order phase difference of the received signals, yi;i

can be derived as

I
~|ajl” - xh e xhor X;e L )]
+ai- Sle N[+ e Si/ N,
Let . be
P y‘}:Z i i
Vik =777 T Xk Xk—1"" K- 141
| il
+-——1— : IVi—z'Jr"—,-—LT‘ A
a, * S, _ g Sk
=x}p* Ko Xho 1 T N
8
and the pdf ¥, of can be expressed as
Py(¥ia| Koo Xim1s s Ko 131) (9)
£ i i i 2
~ 1 exp —(y/,/e“xk'xk—l"'xk—zﬂ)
Jl.k; 2r 20%,1:
with expected value
EIyik]=xi'x2-x"'xi-1+1 (10)
and variance _
2y =(—L—g+—L\?
Lk ol - SL|2 |l - 52_42 1n
_ 20
[ai
The task of the demodulator is to process the
extracted phase difference signal sequence Y set

in order to produce an estimated value of

R=(x, %, ry)). Assume that all the
information symbols are equally probable. In order
to minimize the probability of symbol error, we

process Y according to the maximum-likelihood
decision. This procedure compares the conditional
probabilities of the received signal given each
possible transmitted sequence and chooses the

transmitted sequence corresponding to the largest

probability among them. That is, the decoder
chooses X if

_ max
PAY| X)= W X.PY( Y X) (12)
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If we use L continuous phase differences, then

PY(YIX)" allX Ah;lP( yl [ yLk

| xk xk—Lﬂ)

(13)

Generally, it is computationally easier to use the
likelihood-function since this
summation, rather than the
Then the log likelihood
function {11] is expressed as :

nPAYR= % 10 TLA 09k

| ok~ r41)

logarithm of the
permits  the
multiplication of terms.

(14)

We assume that the noise random variables are
jointly Gaussian distributed and the channel is
memoryless. They are also mutually independent.
Therefore the conditional pdf of the channel

differential signal becomes
—-11/2

nPUYID = % mAi‘ji (2”)1/2 (15)
xexp{_[ i Y;'] Ciz";l"; l[Y;t_ k]]

where [Cym] is the covariance matrix of a

block of extracted phase difference :

. y Y1/e
[ Yi— Yil= -__ (16)
y’ yLk
. . J’{,k“xi
=[Y,— Xil= .
Yo~ X K- 141
Then
InPUNR) = allX[K IYZ;AY; 7" an

[ C ] [ Yi- 7]
where A and K are constants that can be
disregarded in the maximization. In conclusion, the
maximum-likelihood detector based on a sequence

of signal Y. seeks X which minimizes the

following path metric
_ min
A T al X [)&i Yi- Y;']
[ Crn] [ Yi-1i]
We define the branch metric of the Viterbi

(18)
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decoder of the TC wn/8

demodulation as the following:
. _—H _

A =[ Y= Yi] [Cyy] | Vi

If we apply only the first phase difference i.e.,

L=1, the log likelihood

shift 8PSK-OFDM
13 (19)

function for the

suboptimal MLSE can be approximated by a
Gaussian distribution
Py (M®)= % 1y f[]jP(yi’,klxD o
_ max & n . exp —(yi.k*xl)z
al X £= o'l.le; 2r 201

< min S0 a?
(20)
Therefore the branch metric 4, of the Viterbi
decoder becomes
PAN (21)

This is same as the conventional demodulator of

Ay = f Y{,k_

the TCM. Also, if we apply two continuous phase
differences i.e., L=2, the log likelihood function is

expressed as

PAAIR) = B3% 10 1T Ao 4o 4l b i)
_ max

= 3 1 .
all X =21n 27{0‘%& 1—~p2

exp[m{m,k—@ (22)
=20 3= yi4| * [¥5.0— v2.4]
Y o
+|3’2,/z— ;Vz,k| }]
where
Y= ah via=xhexho (23)
o ZE“J’;./:_E/JZ]:E[ Nii,/ez] (24)
= E[ |~ v 1= B M.4']
o= E[Iyik_ml - ]yé,k_EH (25)

%
And then, the path metric and the branch metric
of the Viterbi decoder can be approximated by

e min
all X 1?1 |7k’
— 20| e xi] + | ¥ e— ke x| (26)

+iy§_k_x5e . xfe—li

Ay *lﬁk xl;»lq
”‘2P|J’1k xkl lyzk xle xk 1{
+|¥h = xh - xim |
In eq. (27) ,
distance between the phase difference of the

(27)
the first term is the Euclidean

received sequence signal and the candidate signal
x4 The third term is the Euclidean distance
between the second order phase difference of the
received sequence signal and the candidate signal
xh+ x4_;. The second term is the multiplication of
the square root of the first and third term, which
can be ignored under high SNR assumption. Thus,
the suboptimal branch metric becomes

A =|via— 2+ [ vha—xi s x|

=|R}- R, —xi (28)
+| Ry Riy = x|’

If we use L continuous phase differences, the
suboptimal branch metric finally becomes
=|yis— xk[ +|y2k Xh* K- 1‘ +-
+|yle Xp Xpe 1 X L+1[

”\Rk Rk*l _xlel
+|Ri+ Ry —
+]R;.e' RZ—L‘_XZ‘XLF“XLLHl

A demodulation block diagram of the TC n/8
shift 8PSK-OFDM with SMSD is shown in Fig. 3.

(29)

C2
7 i
xh- xk—1| 4o

[
& Yo
r[.z Viterbi .
Decoder

A Yex
Fig. 3 Demodulation block diagram of TC n/8 shift
8PSK with the L-th phase difference

539
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IV. Simulation Results

In this section, we present
simulation results for the uncoded n/4 shift QPSK
OFDM and the TC n/8 shift 8PSK OFDM. The
performarce improvement of the TC /8 shift
8PSK-OFDM is investigated based on the Monte
Carlo method. OFDM with 1024
subcarriers are simulated respectively. Interleaving

is performed by a block interleaver with 32x32

some computer

systems

for each subcarrier number. A guard interval
(=MC/4, is added to the discrete time signal as
a periodic extension of the IFFT output sequence.
It is assumed that the transmitted signal is
corrupted by the AWGN, Rician or Rayleigh
channel. In the simulations, the channel is
frequency-selective but it is not time-varying, ie.,

=0 [12]. At the
is performed based on

the Doppler frequency is
receiver, the decoding
Viterbi algorithm with or without the second phase
difference metric. The simulation calculates the Bit
Error Rate (BER) of the uncoded #/4 shift
QPSK-OFDM and the TC n/8 shift 8PSK-OFDM
with or without the second order phase difference
metric of 4, 8 and 16-state for different SNRs.
Figs. 4-6 show the bit error probabilities of the
TC wn/8 shift 8PSK-OFDM system with the 1024
subcarriers number and 4, 8, 16-state of the trellis.
At the 107° BER, numerical results corresponding
to 16-state are summarized in Table L

Table 1. SNR of the 16 State TC 1/8 shift
8PSK-OFDM with or without SMSD and
OFDM for 10~° BER
TC OFDM .
with SMSp | TC OFDM OFDM
A\QI’G 7.7 dB 9.0 dB 120 dB
Rician | 86 dB 102 dB 142 dB
Rag’}’llm 194 dB 21.0 dB Error floor
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Fig. 4 show the bit error probabilities of the TC
1/8 shift 8PSK-OFDM system with MC=1024
subcarriers, respectively versus the E,/N, for the
AWGN channel. When MC=1024 system, the TC
/8  shift 8PSK-OFDM  demonstrates  an
improvement of 25-3.0 dB over the uncoded n/4
shift QPSK-OFDM. The TC n/8 shift
8PSK-OFDM  with the phase
difference metric shows performance improvement
up to 35-43 dB over the uncoded m/4 shift
QPSK-OFDM.

Fig. 5 show the BER for the Rician channel.
For MC=1024, the TC =®/8 shift 8PSK-OFDM
demonstrates an improvement of 3.8-4.0 dB over
the uncoded n/4 shift QPSK-OFDM. The TC n/8
shift 8PSK-OFDM with the second order phase
difference metric improves the performance up to
44-56 dB uncoded T/4  shift
QPSK-OFDM.

The uncoded OFDM and 4 or 8-state TC /8
shift 8PSK-OFDM with or without SMSD yield
The
simulation results in Figs. 6 indicate that guard

second order

over the

the error floor for the Rayleigh channel.
intervals dont eliminate the ISI completely for the
4-state and 8-state TC /8 shift 8PSK-OFDM.
But for the 16-state TC n/8 shift 8PSK-OFDM,
the error floor doesnt occur and the performance
increases to 16 dB with the SMSD. So the
multiple symbol detection can correct the error of

the error floor for the Rayleigh channel.
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Fig. 4 Performance of the OFDM and the TC =
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channel(subcarrier number=1024).
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Fig. 5 Performance of the OFDM and the TC %/8
shift 8PSK-OFDM with SMSD for Rician
channel(subcarrier number=1024).
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Fig. 6 Performance of the OFDM and the TC n/8
shift 8PSK-OFDM with SMSD for Rayleigh
channel(subcarrier number=1024).

In the TC n/8 shift 8PSK-OFDM, neither the
ideal channel state information nor pilot symbols
are required. We extract the phase difference of
the successive channel symbols for information.
Compared with multiple symbol detection method

[9], our method utilizes a sliding window instead

of  block-by-block  processing to  perform
continuous multiple symbol detection.

V. Conclusions
We have presented the TC ®n/8 shift
8PSK-OFDM  with  sliding multiple  symbol
detection. At the receiver, we design the

differential demodulator extracting multiple symbol
phase difference. In addition, the Viterbi decoder
containing new branch metrics of the squared
Euclidean distance of the L phase differences is

541
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introduced in order to improve the bit error rate
(BER) in the differential detection of the
trellis-coded /8 shift 8PSK-OFDM. The proposed
Viterbi decoder is based on a sliding multiple
symbol detection method that uses the branch
metric with the first up to the L-th order phase
differences. Also, we describe the Viterbi algorithm
in order to use such branch metrics.

Through this method, a
improvement of 33-43 dB at a 107° BER is
obtained over the uncoded /4 shift QPSK-OFDM
for AWGN. We also reveal the fact that the BER
performance for Rician channel can be improved
up to 44-57 dB. For Rayleigh channel, the
uncoded OFDM and 4 or 8-state TC /8 shift
8PSK-OFDM with or without SMSD vyield the
error floor. But for the 16-state TC n/8 shift
8PSK-OFDM, error floor doesnt occur and the
performance increases to 1.6 dB with the SMSD.
These achieved  without
sacrificing any bandwidth efficiency (data rate) or

performance

improvements  are

power efficiency.

Reference

[11S. Hara and R. Prasad, Overview of
Multicarrier CDMA, IEEE Commun. Mag.,
no. 9, pp. 126-133, Dec. 1997.

2] J. Chuang, L. J. Cimini, Y. Li, B. McNair,
N. Sollenberger, H. Zhao, L. Lin, and M.
Suzuki, High-speed wireless data access
based on combining EDGE with wideband
OFDM. IEEE Communications Magazine,
vol. 37, pp. 92-98, November 1999.

[31Y. Li and L. J. Ciminj,

interference of

Bounds on the

OFDM in
time-varying impairments, IEEE Trans.
Commun., vol49, no.3, pp.401-404, March
2001.

[4] G. Ungerboeck,

interchannel

Channel coding with

542

multilevel phase signals, IEEE Trans. Inf.
Theory, vol. IT-28, pp. 55-67, Jan. 1982.

[5) G. Ungerboeck, Trellis-coded modulation
with signal  sets-Part I
Introduction, IEEE Communications
Magazine, vol.25, no. 2, pp. 5-11, Feb. 1987.

[6]1 G. Ungerboeck, Trellis-coded modulation
with redundant signal sets-Part II. State of
the art, IEEE Communications Magazine,
vol.25, no. 2, pp.12-21, Feb.1987.

[71J. Yang and K. Feher,
/4-QPSK with
correction for satellite mobile broadcasting,
IEEE Trans. Broadcasting, vol. 37, no. 1,
pp. 9-16, Mar. 1991.

(8] D. and M. K

Multiple-symbol differential
MPSK, IEEE Trans. Commun.,, vol
COM-38, no. 3, pp. 300-308, Mar. 1990.

[91 D. Divsalar and M. K. Simon, and M.
Shahshahani, The performance of
trellis-coded MPSK with multiple symbol
detection, IEEE Trans. Commun., vol.
COM-38, no. 9, pp. 1391-1403, Sept. 1990.

[101 T. May, H. Rohling and V. Engels,

Performance Analysis of Viterbi
Decoding for 64-DAPSK and 64-QAM
modulated OFDM Signals, IEEE Trans.

46, no. 2, pp. 182-190,

redundant

An improved =

nonredundant error

Divsalar Simon,

detection of

Commun., vol.
Feb. 1998.
J. G. Proakis, Digital
McGraw-Hill, 1983.
Digital broadcasting systems for telev-

[11] Communications,

[12]
ision, sound and data service.,, European
Telecommunications Standard, prETS 300
744 (Draft, version 0.0.3), Apr. 1996.



g Agaty Edela 435319 /8 shift 8PSK-OFDM

23 2 (Chong-Il Kim)
1987 A7 n A xpgeta
Stk
1989 @Atk HA-Est ¢
A A}

1993 AMcista dAEes ¥

ok

K

st}

1993~ @A BEUSE Ju7)EFHRAAFRA

) wr

KEAEoE @ o]FEAl, FIZolE CDMA, TCM,
OFDM %

Z 8t& (Han-Jong Kim)

s WAbE st

e
-

o

AMhetn Axpasta 2t
A n Azy-sta 3-8

A
3
)
kl
Ho
=
_lgl
El
od

L N

w424 TCM, OFDM,

Zhengyuan Xu
Zhengyuan Xu received both the
B.E. and M.E. degrees in electronic
engineering from Tsinghua

University, Beijing, China, in 1989

and 1991 respectively, and the
Ph.D. degree in electrical engineering from Stevens

Institute of Technology, Hoboken, NJ, in 1999. From
1991 to 1996, he worked as an engineer and
department manager at the Tsinghua Unisplendour
Group Corp. of Tsinghua University. From 1996 to
1999, he was a research assistant and research
associate at Stevens Institute of Technology. In 1999,
he joined the Department of Electrical Engineering,
University of California, Riverside, as an assistant
professor. His current research interests include
advanced signal processing, multirate communication,
multiuser detection and system identification. Dr. Xu
received the Outstanding Student Award and the
Motorola Scholarship from Tsinghua University, and
the Peskin

Technology. He also received the Academic Senate

Award from Stevens Institute of

Research Award and the Regents' Faculty Award from
University of California, Riverside.

543



