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ABSTRACT

In this paper, in order to apply the = /4 shift QPSK to TCM, we propose the n/8 shift 8PSK
modulation technique and the trellis-coded = /8 shift 8PSK performing signal set expansion and
partition by phase difference. In addition, the Viterbi decoder with branch metrics of the squared
Euclidean distance of the first phase difference as well as the Lth phase difference is introduced in
order to improve the bit error rate(BER) performance in differential detection of the trellis-coded =
/8 shift 8PSK. The proposed Viterbi decoder is conceptually the same as the sliding multiple de-
tection by using the branch metric with first and Lth order phase difference, We investigate the
performance of the uncoded = /4 shift QPSK and the trellis-coded n /8 shift 8PSK with or without
the Lth phase difference metric in an additive white Gaussian noise (AWGN) using the Monte
Carlo simulation. The study shows that the = /4 shift QPSK with the Trellis-code i.e. the
trellis-coded = /8 shift 8PSK is an attractive scheme for power and bandlimited systems and es-
pecially, the Viterbi decoder with first and Lth phase difference metrics improves BER perform-
ance. Also, the next proposed algorithm can be used in the TC = /8 shift 8PSK as well as TC
MDPSK.
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L. introduction.

In 1982, the trellis-coded modulation(TCM) me-
thod was developed by Ungerboeck for power and
bandwidth efficient digital communications!1].
Channel coding is well known as an effective
scheme for combatting channel noise and other
system impairments. In order to improve the bit
error rate performance, we add redundancy bits
by using error correcting codes such as the block
or convolutional code. But the addition of bits
causes the bit rate to increase and the bandwidth
to expand. Unfortunately, this bandwidth expan-
sion is not desireable, or even not possible for
bandwidth limited channels. To compensate for
the bandwidth expansion caused by the redun-
dancy bits, one can use a larger signal constel-
lation in the modulator. However, the larger the
signal constellation, the more power of extra sig-
nal is required to obtain the same performance, or
the lower performance is obtained at the same
power. In the past, channel coding and modu
lation were treated as two separate operations. In
1982, Ungerboeck proposed the TCM to obtain
the improved coding gain by combining the chan-
nel coding and modulation| 1],

By using signal set expansion and signal map-
ping by set partitions, Ungerhoeck showed that a
3dB (asymptotic) coding gain can be obtained
with a 4-state code, and a 3.6dB (asymptotic) co-
ding gain can be obtained with a 8 state codel| 1]
[2]13]. By [1], when the signal set is expanded
from the 2" signal set to the 2"*! signal set, i.e.
expanding the original set two times, we can ob-
tain almost all coding gains. Hence we use the
n/(n+1) convolutional encoder to expand the
signal set from 2" to 2"*! and to maximize the
Euclidean distance between the signals.

In this paper, in order to apply the = /4 shift
QPSK to TCM we propose the n/8 shift 8PSK
modulation technique and trellis-coded(TC) = /8
shift 8PSK performing signal set expansion and
set partition by phase difference. Also, the Vi-
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terbi decoder with branch metrics of the squared
Euclidean distance of the first phase difference
as well as the Lth phase difference is introduced
in order to improve the bit error rate performance
in differential detection of TC = /8 shift 8PSK.
We 1nvestigate the performance of the trellis-
coded /8 shift 8PSK in an additive white
Gausstan noise { AWGN),

The study shows that the = /4 shift QPSK with
trellis-code i.e., TC n/8 shift 8PSK, is an at-
tractive scheme for power and bandlimited sys-
tems and especially, the Viterbi decoder with
first and Lth phase difference metrics improves
the BER performance.

1. Trellis-Coded n/8 shift 8PSK

The information bits of the n /4 shift QPSK
are differentially encoded to obtain n-m/4 shift
(n===+1,+3) of the previous signal. Because the
phase difference between the transmitted signals
is less than 37 /4, the conceptual envelope fluctu-
ation is significantly reduced when compared to
the QPSK.

TCM obtains the coding gain by using signal
set expansion and mapping by set partition. We
can expect performance improvment when the
signal set 1s expanded and the signal mapping and
convolutional encoder are combined to maximize
the Euclidean distance[11{2][3].

To apply the = /4 shift QPSK to TCM, the sig-
nal expansion and signal set partition must be
performed. According to Ungerboeck, when the
signal set is expanded from 2° signal sets to 2"*!
signal sets, i.e. expanding the original signal set
two times, we can obtain almost all of the coding
gains,

Hence, the n/(n+1)(2/3) convolutional enco-
der is used to expand the signal set from 2" to
2"+l and to maximize the Euclidean distance be-
tween the signals. Signal sets are expanded from
3 phase states of the n /4 shift QPSK to 16 phase
states and from 4 phase difference states of the =
/4 shift QPSK such as: +n/4 and +3n/4 to 8



W /Trellis & o Lot A 9} 44l vl E2) (metrics) & 2t n /4 shift QPSK

phase difference states such as: +zn /8, +3n/8,
+5n/8 and +7n /8. Hence, we propose the n /8
shift 8PSK.

The signal constellation is shown in Fig. 1. As
shown in the constellation, although the signal of
the = /8 shift 8PSK might have one of 16 phase
states such as 0, +n-n/8(n=1,---,7) and =, note
that the phase difference including the infor-
mation take 8 phase difference states such as +

n-n /8(n=1,3.5,7).

Table I. Phase shift as a function of input bits of
encoder in the n /8 shift 8PSK

Y2 Yo! Y, Dby
0 0 0 /8
0 0 1 3n/8
0 1 0 5m /3
0 1 1 Tni8
1 0 0 Tn/8
1 0 1 -5m /8
1 1 0 | 3n/B
1 1 1 /8
AO
2
Phase 3
——————

4
Ditference

Originat
Signal Set
Bo 2

4

Fig. 1. The signal constellation of n /8 shift 8PSK

In this paper, for a TCM code of the n /4 shift
QPSK, we perform the signal set expansion to =«
/8 shift 8PSK and design a TCM for set par-
titioning and signal mapping through phase dif-
ference., First, we expand the n/4 shift QPSK
signal set to the n /8 shift 8PSK signal set. Sec-
ond, we perform the set partition by phase differ-
ence. This partition follows from successive par-
titioning of a phase difference signal set into
subsets with maximizing minimum phase differ-
ence distance &y< A< A, between the signals
of these subsets. This type of set partition is
shown in Fig. 2. Third, we design the convolu-
tional encoder where set partition and signal map-

1
B1 A,

7

AYWAY
OO0 0

Fig. 2. Set partition by phase difference.
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Fig. 3. Demodulation block diagram of TC = /8 shift
8§PSK

ping are possible.

The demodulation block diagrams at the re-
ceiver are shown in Fig. 3. Basically, the trellis
code makes the maxirmum likelihood decision in
which the Viterbi algorithm is used[13}{2][3].

II. viterbi decoder with first and Lth phase dif-
ference metrics.

In the n /4 shift QPSK or the TC n /8 shift
8PSK, information is transmitted by the phase
difference between the current signal and the
previous signal. At the receiver, only the phase
difference between the two sampling instants is
needed for detecting information, But byl4], the
Lth order phase difference (phase difference be-
tween the current signal and the Lth previous
signal) is capable of nonredundant error correc-
tion by operating as a syndrome, or by [(5][6] one
can perform multiple symbol detection to improve
the performance of MDPSK, In this paper, we
show that the BER performance can be improved
by using the branch metric with first and Lth or-
der phase differences. The multiple symbol detec-
tion of TC MDPSK of [5] is conceptually the
same as the block-by-block detection by using the
multiple TCM(MTCM). But the next proposed
Viterbi decoder is conceptually the same as the
sliding multiple detection by using the branch
metric with first and Lth order phase differences.
Also, the next proposed algorithm can be used in
the TC =n/8 shift 8PSK as well as the TC
MDPSK.

Consider an N sequence of the TC = /8 shift
1150

8PSK signal to be transmitted
S==(80,81,...,8v-1) (1)

where each s, can take any of the signals in
Fig. 1 and % denotes the kth transmission inter-
val. The transmitted signal in the interval £ T, <
{< (k+1) T, has the complex form

se= V2P e (2)

where P denotes the signal power, Ts denotes
the TC =n/8 shift 8PSK signal period and ¢
denotes the transmitted phase. Then in the case
of the TC = /8 shift 8PSK

SET= Syt A= o2 -1t b

Sk—p " Xpp41 D Xpmpte T X (3)

= NP e -1 YOl T A 4y T D

If the channel effect is to add the zero mean
complex gaussian ny in the transmitted signal,
the received signal sequences can be written in
the form of r==(y,, r, -+, ry-). Here, r, is the
received signal in the kth interval.

Because information bhits are transmitted by
the phase difference of the transmitted signal, we
must extract the phase difference of the received
signal. The extracted first phase difference y, ;18

RN erl'—‘ (sﬁ—nk) ° (sk‘1+nk41)*

=g SioFus
= xptays (4)
where “*' is the conjugate of complex signal. If

we extract the Lth phase difference of the
received signals, the extracted Lth phase differ-
ence vy, is

Vie=r st 1= (sptm) - (sp o Fm 1)*

*
=g+ sk LFrnia
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=41 Xk—-L2t Xt nLe (5)

The task of the demodulator is to process the
phase difference signal sequence set Y in order to
produce an estimate X = (%o, 7, Koy, X8 -1).
Assume that all information symbols are equally
probable. In order to minimize the probability of
error, we process y; according to the so-called
maximum-likelihood decision. This procedure
compares the conditional probabilities of the
received siven each possible transmitted se-
quence and chooses the transmitted sequence
corresponding to the largest probability among
them, That is, the decoder chooses X if

Py(Y | X) = max Py(Y | X) (6)
all X

We assume that the noise is an additive white
gaussian with a zero mean and the channel is
memoryless, which means that the noise affects
each code symbol independently of all other
symbols. If we use the Lth difference, then

Py(Y | X) = max i‘[‘ Plyveyiw a1, o xr 142,2¢ 1+1)
all X 7

Generally, it is computationally easier to use
the logarithm of the likelihood-function since this
permits the summation, rather than the multipli-
cation of terms,

The log likelihood function|7] is expressed as :

Pu(Y | X)

N-1
=max I1 In P(yie,yok | xe,x6-1, -« 2 142,38 1+1)
all X *°

N-1
=max IT In f(yie,yr.a | e, xe-1, - 26 142,20 L+1)
all X *=°
1

o (=i l2 =
201-pray

N-1 1
=max [1 In——————e o —_—
all X #=0 2no} V1—p? 2plviam Vel bvia vl +
Ivea=vial?H (8)

where
E == X
vaI TEXRC Xe-1t C C Xp—L4
072: ==E[(y1,k“m)2]
=E[n,]
=E[(ypr~yis)?]
=E[n},]
_ Ele—y1e) « Gyea—v0x)]
p = 2
On
Therefore,
Py(Y | X) )
-1 1 ‘T(T’“)_: g x5 —
=maxIn ¥ ——— g e

all X 70 2005 \1—p2 it e el
Cap L2 xp—L4llE
vy a—x0 - xp—1

cvh— L2 xk— L1}

N
=max [C— ¥ A(| yre—xe |2~
all X o=y
200 yia—xi | - Vyie—xp oy -

Xp--£+2 ° Xp~L+1 |+lyl.,k—xk fXp—1 ot

Xp—142 * Xr-r+1 9] (9)
where
e \vl 717_*7
= 2n6l V1-p?
and
= e 1 e
2(1—p?)os

are constants that can be disregarded in the
maximization, In conclusion, the maximum-likeli-
hood detector of a sequence of signal y; is
equivalent to the minirmization of the metric de-
fined as follows :

m,(Y ] X)

N-1
=max ¥ (|vie—xe|2~
all X *°

2p yve— 2kl Iya—xk s xa-1+ ¢ -
Xh—r42 * Xh-r41 | lyea—xn e 0 - -
Xp-142 * Xa-1+112)] (10)

We define the branch metric of the Viterbi
decoder of the TC n/8 shift 8PSK demodulation
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as foilows :

m(Y | X) = (|y1p—2xe 12—
2okl o Iy xe s -y - - -
Xek—142 " Xk->l<+1|+|,\'l,k_xk 7 2 U

Xp—p42 * Xe-r+112) ] (11)

In eq.(11), the first term is the Euclidean dis-
tance between the phase difference of the
received sequence signal and the candidate signal
%. The third term is the Euclidean distance be-
tween the Lth phase difference of the received
sequence signal and the phase of the candidate
signal x,x4-1, * + + and x4-;+1. The second term
is the multiplication of the square root of the first
and third term, which is then discarded as a com-
mon term.,

Thus, the branch metric becomes

m{Y 1 X) =yl ?—~ vy —=x - 2=y - - -

Kotz Xeer4112) ] (12)

The demodulation block diagrams of the TC =«
/8 shift 8PSK are shown in Fig. 4. We will dem-
onstrate how to construct a Viterbi decoder with
the above metric. In this case, the decisions de-
pend on not only the Euclidean distance of the
present phase difference signal but also the
Euclidean distance of the Lth previous symbol.
Hence, the Viterbi decoder takes the branch met-
ric as the sum of the first and second terms of eq.
(12).

The first term is the Euclidean distance of the
conventional Viterbi decoder of TCM. In order to
compute the second term, the algorithm works as
follows :
step 1:Find the candidate signal x-,(state num-

ber of 4-; state number of #-,+,) be-
tween the states of #,-; and #-;+1 by back-
ward searching the survivor path, where j
=L=3L-2,- - - 1.
step 2:Calculate |vye~xp - xe-1+ * * 2414112
step 3:Calculate the branch metric using eq,

(12).

step 4 : Repeat step 3 for the number of branchs
per state,

step 5:Repeat step 1,2,3,4 for the number of
states,

step 6:Update and compare the path metric at
t+1 and find the survivor path at tp+.

step 7 : Decode the information data.

Here, L < decoding delay of Viterbi decoder.

Output
Viterbi
Decoder

(a)
Fig. 4. Demodulation block diagram of TC = /8 8PSK
with Lth phase difference

Wi Wi 1+ 4 Ziq

R

Viterbi
COS@et ‘ Wk WieLt Ze 2L -
SING,t ZkW il W Z kL

Decoder
@ Lpr |—¥— ZkW i1 WeZ .1

(b)

Fig. 4. Demodulation block diagram of TC = /8 8PSK

with Lth phase
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LPF )@
Viterbi
LPF ¥
BPF M b
LPF X
Decoder
LPF y‘—'—"
(c)

Fig. 4. Demodulation block diagram of TC = /8 8PSK
with Lth phase difference (continued)

IV. Simulation

In this section, we describe and present the
results of a computer simulation of the uncoded n
/4 shift QPSK versus the TC r /8 shift 8PSK,
The performance improvement of the TC /8
shift 8PSK is checked through the computer
simulation based on the Monte Carlo method. As-
sume that the transmitted signal is corrupted by
AWGN and carrier is recovered perfectly at the
receiver, The simulation calculates the SNR ver-
sus Bit Error Rate(BER) of the uncoded 7 /4
shift QPSK and the TC = /8 shift 8PSK with or
without the second difference metric of 2 states,
4 states, 8 states and 16 states. The simulation
block diagram is represented in Fig. 3 and 4.

The length of the path memory in the Viterbi
decoding algroithm is M =5.v (M :decision de-
lay, v :state number). An error event is counted
when the transmitted data differs from the
decoded received data bit. The results are shown
in Fig 5,6 and 7. The simulation results are given
with 90 percent confidence intervals.

At the 107> BER for data transmission, TC = /8
shift 8PSK demonstrates an improvement of 1.
5—2.0 dB over the uncoded = /4 shift QPSK. The

TC = /8 shift 8PSK with second phase difference

metrics improves by 1.0—3.2 dB over the

1.0E+00

1.0E-02+:

1.0E-03

Bit Error Rate

1.0E-04 1
1.0E-05:

1.0E-06 1 :

1.0E-07 +——+——+——————+—+—
00 20 40 60 8.0 10.0 12.0 14.0
Eb/No
Fig. 5. Performance of the uncoded = /4 shift QPSK v,
s. the TC r /8 shift 8PSK.
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 New 1C 78T
‘\Ut'C‘S'
) . ® hw TC BST
1.0E-011: - P v 1C 165 T
1.0E-02+: P
L
2]
o
S 1.0E-037::::
ui IR
t‘é
1.0E-04 - :
1.0E-05-: : I
1|
10808 bttt
00 20 40 60 80 10.0120 140

Eb/No

Fig. 6. Performance of the uncoded = /4 shift QPSK v
s. the TC = /8 shift 8PSK with second phase
difference metrics.

uncoded 7 /4 shift QPSK. The trellis-coded = /8
shift 8PSK with second phase difference metric
demonstrates an improvement of 1.0—1.6 dB over
the trellis-coded n/8 shift 8PSK. At the 10 °
BER, specific numerical results of various states
are summarized in Table 11,

1 0E+ 00 =
| e e
1
1.0€-01 7
1.0E.02 1
-
b4
L3
B toeodt
wd
-]
1.0E-04 1
1,05-051-
1.0€.08 +————————+++—+++
00 20 40 60 80 100120 140
Eb/No
(a)2 state
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1.0€-01 4

1.0E.024

Ba Error Rate
]
o
173

1.0E.051

+edd
1.0 08 +———+ -+

T
00 20 40 60 80 100 120 140
Eb/No

-

4+

(b)4 state

1.0E+ 00

10€.01 1

1.0€.02 1

1.0E.03+

BREmor Rate

1.0€.04 1

1.0E.05 4

1.0€.08 4

1.0€-07 ++—— 44—+ttt
00 20 40 60 80 10.0 120 140
Eb/No

(c)8 state

t.0E+00

t.QE Ot T

1.0E.02 ¢

1.06.03+

Bit Eror Rate

1.06.04 1

1.0E.05+

1.0e-07 +—+H—+H -t
00 20 40 €0 80 100 120 140
En/No

(d)16 state

Fig. 7. Performance of the TC = /8 shift 8PSK v.s. the
TC = /8 shift 8PSK with second phase differ-
ence metrics.
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Table W. Coding gains of the TC = /8 shift 8PSK at

107% BER.
n /4 shift QPSK | = /4 shift QPSK TC = /8 shift
V.5, v.S. 8PSK v.s.
TC = /8 shift TC = /8 shift TC n /8 shift
8PSK 8PSK with 8PSK with
2nd phase 2nd phase
states difference metric | difference metric
2 -0.6dB 1.0dB 1.6dB
4 1.5dB 2.5dB 1.0dB
8 1.8dB 2.9dB 1.1dB
16 2.0dB 3.2dB 1,2dB

V. Conclusion

We have presented the n/4 shift QPSK with
Trellis coding. The Trellis code method that
Ungerboeck proposed is the bandwidth and power
efficient modulation method. In order to apply
TCM to the n /4 shift QPSK, the phase differ-
ence expands from 4 to 8, and the signal number
from 8 to 16. By the expanded phase difference
the set partition is completed, and the encoder is
designed to attain this set partition. The output
of the encoder is mapped by the phase difference,
and the transmitted signal is derived through dif-
ferential modulation. Through this method, a
BER performance improvement of 1.5—-2.0 dB at
1075 is obtanined over the uncoded = /4 shift
QPSK. We also demonstrate that the BER per-
formance can be improved by 1.0—3.2 dB with
second difference metrics over uncoded n /4 shift
QPSK. We describe the Viterbi decoding algor-
ithm with the Lth difference metric. This per-
formance improvement is obtained without sacri-
ficing any bandwidth efficiehcy(data rate) or
power efficiency.
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