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Performance of 4- and 8-State TCM Schemes with
Asymmetric 8-PSK in Fading Channels
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Abstract—For Rayleigh fading channels, Ricean fading channels be minimized [3]. Four-state rate 2/3 symmetric 8-PSK TCM
with a small parameter and shadowed Rician channels with the schemes have been studied in connection with use in Rayleigh
code design criteria are to maximize the effective length as well as and shadowed mobile radio channels [2], [7], [8]. Fig. 1(a)

the minimum product distance of the code. In this paper, we use . . :
two different asymmetric 8-PSK signal sets in 4-state and 8-state shows the symmetric 8-PSK signal set and Fig. 1(b) and (c)

rate 2/3 trellis-coded modulation (TCM) schemes and show per- Shows the asymmetric 8-PSK signal sets used in this paper
formance gain over TCM schemes with symmetric 8-PSK constel- instead of symmetric 8-PSK signal set. Since the presence
lations. The performance gain is due to an increase in the min- of parallel transitions in the trellis associated with the TCM

imum product distance compared to that of the best known TCM  gcheme |imits the effective length to one, it should be avoided
schemes of comparable states using symmetric 8-PSK signal set§ licati in fadi h Is. Fig. 2 h the stat

while the effective length remains same. Simulation is performed or aPP ications in fading channels. Fig. 2(a) shows e_ state
over the Rayleigh, Ricean, and shadowed Rician fading channels to transitions of a fully connected, 4-state TCM scheme without

demonstrate the performance gain of the asymmetric 8-PSK TCM parallel transitions with signal points associated with transitions

schemes over the symmetric 8-PSK TCM. given by Fig. 2(b) for Wilson and Leung code [7] and Fig. 2(c)
Index Terms—Asymmetric phase shift keying, fading channels, for Jamali and LeNgoc code [8]. Wilson and Leung have
trellis-coded modulation. suggested a scheme that results in an effective length of two,

which is the maximum achievable time diversity with 4-state
8-PSK TCM schemes. However, the minimum product distance
has not been optimized resulting in a path with actual length 3
T RELLIS-CODED modulation (TCM) schemes achievend effective length 2 with product distancelof72E2, where
good power and bandwidth efficiency for additive white/F is the radius of the circle in Fig. 1(a) [2, ch. 5]. Jamali and

Gaussian noise (AWGN) channels [1]. In recent years, TCMeNgoc describe design rules which optimize the minimum
has increasingly been used in such channels as the mobile raglisduct distance and improve the same 28442 while
and indoor wireless channels, which are often modeled asnaintaining the effective length at 2 resulting in signal point
fading channel [2]-[8]. Recently, this channel is also beingssignment as shown in Fig. 2(c). In this paper, using the signal
used for data transmission, in addition to speech. Typicallypint assignments of [8] we further improve the performance
the acceptable speech error rate is3l@vhile data error rates using an asymmetric 8-PSK signal set shown in Fig. 1(b). Du
smaller than 1€6 are necessary. In this paper, we consideind Vucetic [9] match the performance of Jamali and LeNgoc
combining TCM schemes with asymmetric PSK (APSK) signalbde with Gray code labeling of the 8-PSK signal set.
sets as a means of improving the minimum product distanceThe 8-state rate 2/3 8-PSK Ungerboeck code [1] has a trellis
and improving the performance especially at data error ratedthout parallel transitions. Fig. 3 shows the state transitions of
Asymmetry has been introduced in the 8-PSK signal set in sugfe 8-state Ungerboeck code. It achieves the maximum effective
a way as to improve the minimum product distance. The tyfength of two that is possible for an 8-state rate 2/3 8-PSK code.
of asymmetry in the 4-state and 8-state cases differ. This code has a minimum product distances&f. This is the

The code design criteria for Rayleigh fading channels spediest known 8-state rate 2/3 8-PSK TCM scheme for fading chan-
fies that the effective length and the minimum product distangels (incidentally also for AWGN channels). The use of trellis
should be maximized for the code and the multiciplicity shoulgbding with asymmetric modulations has been considered ear-

lier by Divsalar, Simon, and Yuen, in [10], for AWGN and Di-

) . . anIar and Simon in [6] for fading channels. In [10] and [6], the
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() (b) (c)

Fig. 1. (a) Symmetric 8-PSK with distances marked. (b) Asymmetric 8-PSK (distances marked used in Section lll-A). (c) Asymmetric 8-PSK (diskaaces ma
as well as the pairings of signal points shown by similar shapes are used in Section 11I-B).

So 15,15, (5, So (5115, |5, Il. SYSTEM MODEL
Soi% [%[% |% Sol% [% 1% |% Fig. 4 shows the block diagram of the TCM scheme on a
:1 I e :1 ER RN fading channel considered in this paper. Input bits are encoded
21% % |% |2 21% (%2 |% | by a rate 2/3 convolutional encoder and mapped onto a 8-PSK
S3is (8 |9 (5 Sii% (5 Y is
symbol set. Let
@ (b) (©)
. . . -”'.:(xlax27"'7xi7"'7x]\’)
Fig. 2. (a) State transition diagram of a fully connected 4-state TCM scheme.
(b) Wilson and Leung. (c) Jamali and LeNgoc. T; € {30, 51, 82, 53, 54, S5, S6, 37} (1)

denote the symbol sequence before ideal interleaving. We as-

So 50151152153 5%|55| 5|57/ sume that the receiver performs coherent detection and hence
5, So 150i%a1%20% ) x| x| x1{x compensates the channel phase shift at the receiver. The channel
s S, ix xlx| x|% 5|8, s, Produces a noisy discrete-time sequence. After deinterleaving
2 s — this noisy discrete-time sequenge; } is written as
s .18 s s X X x x (Y ]
s, 27417017612
S : s ls |s,is
54 S TP P B Yi = pi%i + 1. 2
s 84 SiS6 S0 %4 x| x| x| x
XX S Sg | x x| x| x|S3]87]8; %5 Here,n; = Re(n;) + Lin(n;) is a complex noise process.
S6 Se 156155154l %]| x| x| x| x Re(n;) andlin(n,) are uncorrelated zero mean Gaussian r.v.’s
s P R R R D PO PO each with variance? = N, /2. p; is a random variable repre-
’ ! 11 31 1 31 gsenting the random amplitude of the received signal.
(a) (b) For a channel with only a diffuse multipath component the

) o fading amplitude is Rayleigh distributed with a probability den-
Fig. 3. (a) and (b) State transition diagram of 8-state Ungerboeck’s TC%/Jt f ti d
scheme{ denotes invalid transitions). ity tunction (p f)

— —/72

in the 4-state and 8-state cases differ. This is elaborated in Sec- Eolo) =2pe™", p>0. ®)
tonfl. , _ For a channel with a direct line-of-sight (LOS) component

Simulation is used to verify thatin both the 4-state and 8-Stglgasent, in addition to the diffuse multipath components, the
cases the 8-APSK TCM_lnde_ed out_performs the 8-PSK _TCM ftling amplitude is Ricean distributed with a pdf [2]
predicted by the analysis. Simulation results for Rayleigh, Ri-
cian, and shadowed Rician channels are presented in the paper, e -

Throughout, we assume that the effect of the fading on the Pylp) =2p(1 + K)e™ "0+ I (2p V(KL + K)> ’
phase of the received signal is fully compensated and that the p>0 4)
fading amplitude is known, i.e., channel state information (CSI)
is available. Also, we consider the case of ideal interleaving. where

This paper is organized as follows. In Section Il, we describe K ratio of the energies of the received signal in the direct
the system model and the various types of fading considered in and diffuse components;
this paper and describe an asymptotic error analysis for fadingly(-)  zero-order modified Bessel function of the first kind.
channels. In Section Ill, we discuss code design for asymmetiotice thatX = 0 for the case when the direct component has
PSK signal sets, and in Section IV we present simulation resu#tsergy zero, which corresponds to the Rayleigh fading case.
and give a reasoning for the observed results. Section V, contdius large values o the channel exhibits slight fading. For
a few concluding remarks. K — oo we have the AWGN channel.
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NPUT | RATE2/3 8-APSK IDEAL FADING IDEAL DE- VITERBI OUTPUT
——™| CONV. CODE [ MODULATOR [—™|INTERLEAVER[ ™| CHANNEL [ "|INTERLEAVER[ ™| DECODER [ grrs
BITS

CHANNEL STATE INFO.

Fig. 4. System block diagram.

TABLE | using Viterbi algorithm. An upper bound on the average error

PARAMETERS FOR SHADOWED RICEAN probability of this system is obtained as [3]
FADING CHANNELS

Degree of P = Z Z P(x)Pr(z/x) (6)
shadowing | o2 My oy z,CC
Light 0.1580 | 0.115 | 0.115 . . . .
Average | 0.1260 | -0.115 | 0.161 whereC is the set of all valid sequenceB(«) is thea priori
Heavy | 0.0631 | -3.910 | 0.806 probability of transmittingz, Pr(&/x) is the pairwise error

probability, i.e., the probability that the decoder wrongly

decodes t& when P(z) was the transmitted sequence.
When the direct LOS component is not constant but lognor-

mally distributed, the fading amplitude models shadowed Ricig) Asymptotic Performance Analysis

fading. The fading amplitude may be expressed as The upper bound on the pairwise error probability for the

system described above, i.e., coherent detection, perfect channel

=+ +7
P I state information (CSI) and independent fading in each channel

with symbol, using a Rician model for the channel, is given as [3]
v = e’ +m o 1+ K
¥ Pr(z/x) < H P L. —
wherernq, 11, 12 are three independent Gaussian random vari- icn 1+ K+ No i — i
ables with zero mean and variane€s o, ando?, respectively. E, o
The pdf of the LOS component, which is a lognormally dis- —K Ny |ws — @i
tributed random variable, may be expressed as ' exp E (7)
) 1+K+ﬁ|xi—§ci|2
1 log v — 0
Pr(y) = ——— ex GM) a0
V2ro,y 205 wheren shows the set of allfor whichz; # ;. For large SNR
Thus (7) simplifies to
oo . 1+ K)e K)l
P,(p) = L/ - Pr(z/x) < ( l) ) (8)
VI, o LY
1 _ 2 2 2 4N, AN
.exp<_{ n'v2 7;%) Ll 2+2’7 )DIO <p_;> i,
5 7p b where
®)

dy(ly) =[] s — -

The values for theﬁ, a.,, andm., for light, average, and heavy i

shadowed Rician channels [11] based on the land-mobile satel-

lite channel model of Loo [12] are given in Table 1. Substituting (8) in (6) the average error probability for large
The pdf has been normalized in (1) and (2), that is the fadirgNR’s may be approximated by [2]

amplitude,p has a mean-squared value of unity. This implies

that the measured signal energy at the receiver represents P, 2 oL, (L) (14 K)e k)L ©)
the average signal energy per channel symbol. We assume that c TP 1 \* )
the fading amplitudep, is perfectly estimated at the receiver. <4N0> d3(L)

Ideal interleaving is assumed, that is, an interleaver with infi-

nite depth is used. This assumption implies that the fading amhere

plitudes are statistically independent and provides amemoryless. = min(/,,) denotes the effective length of the code;

channel model for the performance analysis. df,(L) denotes the minimum-squared product dis-
The two sequences$y;} and {p;} are the inputs to the tance between signal points of error event

decoder which performs maximum likelihood (ML) decoding paths with effective lengtli;
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TABLE I
PRODUCT DISTANCES FORLENGTH 2 ERROR EVENT FOR 4-STATE 8-PSK TCM
Normalized squared Number of error Normalized squared product distance
product distances events with this of the same error events after
of error events squared product introducing asymmetry of angle
for symmetric PSK distance [ 6=mw/12
8363/ By = 4(2 + v/2) ~ 13.656 16 8(054)% /B2 = (4)(4sin®(F — 9)) 12
§762/E? =4 32 3287 /FEr =4 4
6763/ E% = 6.828 32 85(8;5)°/E; = (4)(dsin® (£ + 1)) | 7464
0362 /E? = 4(2 - V2) ~ 2.344 16 8255 5)2/E2 = (4)(4sin®(5 + §)) 4

oL, d2(L)) denotes the average number of code se- [1l. CoDE DESIGN

uences having effective lengtih and
gquared productgdistandé(L) g Based on (9), (10), and (13), the code design criteria for Ri-
' cian channels with small’, Rayleigh fading channelg( = 0)

For K = 0, Rayleigh fading channel, the above approxima: - i
tion reduces to and shadowed Rician channels with perfect CSI are as follows.

1) Maximize the effective length of the code

a(L, (L)) 2) Maximize the smallest product of the squared distances
e ™ 14L (10) of signals along the error events of effective lenfjith
<4N ) d2(L) 3) Minimize the multiplicity of error eventsy(L, dZ(L)),

at the smallest product distance.

For K = oo, AWGN channel, the approximation fd?, is Based on these code design criteria for fading channels we
given by present new asymmetric PSK codes in this section.
Equations analogous to those in Section II-A can be obtained
drree when no CSl is present at the receiver. The code design criteria
Pe  afdiree)Q <2\/ﬁo> (11) for this case are also as above. For the AWGN channel and Ri-
cian channel with largd(, based on (11)/;.. iS to be maxi-
wheredp... is the minimum-squared Euclidean distance of th@ized andw(dy..) is to be minimized.
code ««(dx..) denotes the multiciplicity of error events with dis-

tanceds... andQ(-) is the Gaussian error-probability function.p_ Design of 4-State Rate 2/3 8-APSK TCM

For large values oK™ also (11) serves as a good approximation _ o _
for the average error probability. Based on the code design criteria for fading channels 4-state

The upper bound on the pairwise error probability for a shabe-‘te 2/3 symmetric 8-PSK TCM schemes have been constructed

owed Rician channel in the above system is given as [2] N [2] [7], and [8]. Fig. 1(a) shows the symmetric 8-PSK signal
set with relevant distance marked. Since parallel transitions

N 1 limit the effective length to one, these should be avoided
Pr(3/z) < : o~ (Ci/(1+0.203C3))  for applications in fading channels. Fig. 2(a) shows the state
i=1 14202 —— |z; — &4)2 transitions of a fully-connected, 4-state TCM scheme without

" 4No (12) parallel transitions. The maximum effective length that a TCM

where scheme with one symbol per trellis branch can achieve is
limited by the number of input bits and the number of encoder

.12 memories [2, ch. 5]. The maximum achievable effective length

o - 4N, i = il 2 for a 4-state rate 2/3 8-PSK TCM scheme is two.Wilson and

1
0

Leung [7] have suggested such a scheme that results4rP.
However,d?(2) has not been optimized resulting in a path with
actual length 3 and effective length 2 wit(2) = 1.172E7Z,

Substituting (12) in (6) the average error probability for larg@here/E, = 65 is the radius of the circle in Fig. 1(a). In

SNR’s may be approximated by

(L, dy(L))

P, = N\ E

where

(P L/(140.202 D;))

[8], Jamali and LeNgoc describe design rules which optimize
d2(2) and improve the same t344E?. Fig. 2(c) shows the
state transitions in matrix form of the 4-state rate 2/3 8-PSK
TCM schemes obtained following these rules that achieve this
minimum-squared product distance [8].

We show here that following the design rules of Jamali and
LeNgoc for 8-PSK signal set with asymmetry as shown in
Fig. 1(b) further increases the valuect;f(z) [13]. The increase
depends on the value of asymmettysee Table Il) and the
maximum value achievable is four which is attained for an
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TABLE I TABLE IV
COMPARISON OF4-STATE RATE 2/3 8-PSK 8HEMES CODE PARAMETERS FOR4-STATE 8-PSK TCMFOR SYMMETRIC
AND ASYMMETRIC CASES

U] | WL 8] | JN[9] || APSK
L 1 2 2 2 6 | &2)/E; 2(3)/E? &, ../Es
“dX(I) | 4E, | 1I72E7 | 2.344E7 | 4E? 0° | 2344 [0586x0586x2 =0.687 | 3.172
? . | 4B, | 2.586E, | 3.172E, || 3.268E, 15° 4 0268x1 x2 =0536| 3.268

angle n/12. Moreover, the free Euclidean distance also im- The free Euclidean distance for the APSK TCM scheme in-
proves marginally compared to Jamali and Le-Ngoc. Table W,quced above is

summarizes the performance of known 4-state symmetric o 2 e

8-PSK schemes with the last column showing the performance (69 )" +(85)" + 61 = 3.268 (15)

of the asymmetric 8-PSK scheme proposed here. which is marginally higher than for the Jamali and LeNgoc code
We first consider the Jamali and LeNgoc code obtained by tfeee Table III). It is therefore expected that this code will per-

labeling shown in Fig. 2(c). In this code the minimum-squarefdrm better over the AWGN channel also.

product distance is achieved by the combination [2]

5365 = 2.344E7. (14) B. Design of 8-State Rate 2/3 8-APSK TCM
The diverging branches from a node have signal points sepa:.. - i ,
rated by eitheé, or §5. For actual length 2 (also effective length Fig. 3 shows the transitions of the 8-state Ungerboeck’s TCM

2) error events if the squared distance between the divergsCheme [1] obtained by mapping by set partitioning in matrix

¥3¥m. This code, when combined with s ic 8-
: o . . . \ ymmetric 8-PSK, has
branches ig3 then the squared distance between the merging . - lidean distance?  — 1.586E,, an effective length,

branches i$ and if the diverging branch has squared distaniLe — 9 and minimum-éreaared roduct distance along error
62 then the merging branches have squared distance atfeast. — ™ q P g

i 2 _ 2
The pair of signal points contributing in (14) have to be on events of effective length 2/,(2) = SE. In fact, all the (.34
. . . length-two error events have the same squared product distance.
the merging branches. Observing columns of the matrix shown

in Table II, it follows that thes? term in the above expression hall cases, this squared product distance is achieved by the

appears only in one of the following ways: combination [refer to Fig. 1(a)]
6262, (16)

In the term abovejs is contributed by diametrically opposite

S58¢ O  sS189

and in no other way, i.e., no other combination of the form

$;$;+1 can appear as branch labels in the same level, since b %nts and Fig. 1(2) shows the pairs, marked by similar shapes,

: o : :
s ands; 1 do not appear in any column in Fig. 2(c). Introduc. at contribute to thé, in d;(2). This prompts us to introduce

tion of asymmetry as shown in Fig. 1(b) increases the distaq%séymmetry by moving one point from the pairs that contribute

among the pairéssss) and (s1s,). This is the key to the im- 00 in such a way thag; increases while retammg d|§1metr|cal
el . positeness, thereby not changifig as shown in Fig. 1(c).
provement of the minimum-squared product distance. To elaf)- . . ; . TN
. : e &3 distances contributed by diametrically opposite signal
orate, let the angle of asymmetry introducedéb&s shown in . . ) . )
. : . points remain the same. The new distances after introducing
Fig. 1(b). Due to the asymmetry the signal poisgss., s4, and A
. . . ; asymmetry are as shown in Fig. 1(c). Now, for the code based
s¢ do not change their position while other points change the|F] the asvmmetric signal Séi@) is
positions. Let the new distances after introducing asymmetry Be y 9
80,6 0 4> 01, 65 4, 63 4, 63 @s shown in Fig. 1(b). Notice that §2(57)% = (4) <4Sin2 <1 n Q)) (17)
the distances between error events of effective length and actual 3V 4 2
length 2 are given in the first column of Table Il and the samghich goes on increasing ésncreases. Hence, all product dis-
squared product distances either decrease or increase aftetanees for length two error events go on increasing. Now, in-
troducing asymmetry as shown in the third column. creasingi§(2) results in lower average bit error probability for
Notice that the minimum-squared product distatges;)?> asymptotically large SNR's.
always increases; this is due to the fact that only the (airs;) The free Euclidean distance of the code is given by
and(s1s2) contribute tod, and asymmetry increases the dis- (67)2 + (67)2 + 62 (18)

tance among points of these two pairs. For an angle of asym-. o .
metry , we have which reduces with increasing asymmetry.

) Itis to be noted that the asymmetric 8-PSK signal sets for the
62(68)2 = (4) <4 sin? <— + —)) 4-state and 8-state 8-APSK TCM schemes are different. In the

] ) ] ] 8 2 ] 4-state case the asymmetric 8-PSK signal set is the superposi-
which goes on increasing #sincreases. But the next higherijon, of 4 4-PSK signal set with a rotated version of itself. How-
squared product distance$? = 4. Hence is increased Up gyer, in the 8-state case the asymmetric signal set is constructed

to that value for which by adding together the symmetrical 2-PSK signal set with three
4 5in2 <E + Q) -1 rotated versions of itself. The type of asymmetry introduced is
8 2 dependent on the code itself and is introduced in such a way as

which givest = 7 /12. to improve the minimum product distance of the code.
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Fig. 5. Simulation results of the bit error rate performance for different 4-state 8-PSK codes over fading channels with perfect CSl. (a) Raileigh,f(in
K = 5 and10, (c) light shadowed, and (d) average shadowed and heavy shadowed.

TABLE V
CODE PARAMETERS FOR8-STATE 8-PSK TCMFOR ASYMMETRY
ANGLE < 45°

0 | d;(2)/E5 dy(3)/E; Giree/ Es
0° 8 0.586 x 2 x2 =234 4.586
5° 9.389 0.586 x 1.826 x 1.826 = 1.953 4.238
10° 10.07 0.586 x 1.653 x 1.653 = 1.601 3.892
15° 10.73 0.586 x 1.48 x 1.48 =1.288 3.546
20° 10.73 0.586 x 1.316 x 1.316 = 1.015 3.218
25° 11.38 0.586 x 1.155 x 1.155 = 0.781 2.896
30° 12 0.586 x 1 x1 = 0.586 2.586
35° 12.59 0.586 x 0.852 x 0.852 = 0.426 2.290

40° 13.14 0.586 x 0.714 x 0.714 = 0.299 2.014

IV. SIMULATION RESULTS

TABLE VI
CODE PARAMETERS FOR8-STATE 8-PSK TCMFOR ASYMMETRY
ANGLE > 45°
AN &O)/E; dFree/ B
50° 14.128 0.362 x 0.468 x 0.468 = 0.0793 1.298
55° 14.553 0.187 x 0.362 x 0.362 = 0.0246 0.911
60° 14.928 0.068 x 0.268 x 0.268 = 0.0049 0.604

imum possible effective length 2 in the case of codes considered
in this paper, and we have used asymmetry in the PSK signal set
to maximize the minimum product distance along error events
of length 2. This leads to asymptotically good performance at
large SNR’s. For large SNR’s, the error event probability is ap-
proximated by (9), (10), and (13) for the respective channels. At
lower SNR, the minimum-squared product distances along error
events of length 3 or more will dominate in the error event prob-

The APSK TCM codes discussed have been designed baability calculation if they are much smaller thdﬁl(z). Insucha
on the fading channel code design criteria enumerated in Ssituation, the error event probability can no longer be predicted
tion Ill. Hence, the codes have been designed to have the max-9), (10), or (13).
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Fig.6. Simulation results of the bit error rate performance for symmetric and asymmetric 8-state 8-PSK codes over fading channels with pajfeat@&ih(
(b) Rician forK' = 2, 5, and10, (c) light shadowed, and (d) average shadowed and heavy shadowed.

In the case of a Rayleigh fading channel, the contribution tsymmetry, the APSK code performs better than the symmetric
the error event probability of the error events of length 3 is givéPSK code only at large values of SNR. Analogous arguments

by may be made for the Rician (small) and shadowed Rician
channels.
o(3,43(3)) o
B\ 23) (19) A, Simulation Results for 4-State Rate 2/3 8-APSK TCM
<4No) E3 By listing out the length 2 and length 3 error events, it

can be verified that for the symmetric 8-PSK TCM scheme
and the contribution to the error event probability of error eventg 2, d2(2)) = 16 (see Table Il) and(3, d2(3)) = 64. For the

of effective length 2 is given by asymmetric 8-PSK# = = /12) TCM schemex(2, d2(2)) = 48
(see Table Il) if we increase the angle of asymmetry further
a2, 2(2)) this number comes down to 32. The minimum length 3 product
’P

(20) distance is achieved by the combination

S
E, \? d(2)
4N, ) E2

At lower SNR, (19) contributes more to the probability of error

computation. For larger angles of asymmety, (his quantity For increasing this term becomes smaller and smaller and ad-
becomes smaller. This in turn implies that (20) becomes effaersely affects the performance of the code at lower SNR. The
tive only at much larger SNR. Therefore, for larger angles diifferent parameters are shown in Table IV for the symmetric

(69 )% (85 )%67.
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and asymmetric cases. Interestingly, it is noted ¢f@h? (67)2> code compared to the symmetric PSK code it is seen that over

andé?, the terms that contribute to the minimum product dighe Rician channels with larg€ [Fig. 6(b)] the symmetric PSK

tance for length three error events, are the terms that contribatele performs better than the APSK code. For Rician channels

to the free Euclidean distance of the code (15). with smallerK [Fig. 6(b)] the APSK code again crosses over at
Fig. 5 shows the results of the simulation carried out fdrigh SNR.

Wilson and Leung code (WL), Jamali and LeNgoc code (JN)

and the APSK code of this paper ¢)J5The decision depth

of the Viterbi decoder was 18 symbols in both cases. The V. CONCLUSIONS

APSK code discussed in this paper shows improvement over . . . -

the Jamali and Le-Ngoc code fét. smaller than 164 over all Asymm'etrlc TCM schemes by Increasing the minimum

channels considered. There is an improvement of about 0.33(9?1“ dlst_anc.e at the §hortest effective Iepgth result in gains

dB around the bit error probability 8 over the Rayleigh without paying in bandwidth or power. In this paper, a 4-state

fading channel and shadowed Rician channels. Over the RicEd-Hj an 8-state_ 8-APSK T(_:M schemes have bee_n prese_nted that

channels this improvement is about 0.2—0.3 dB. An improv ave the maximum effective !ength O.f t.WO that is poss@le for

ment in the range 0.2-0.4 dB implies 5-10% savings in pow Hch schemes and that achieves minimum product distances

The reason for the APSK code showing better performan ger than the best known 8-PSK TCM schemes. Gains of the

over Rayleigh, Rician, and shadowed Rician channels is tha?[fjer of 0.4 dB over fading channels have been shown to be

improves in both minimum product distance and free Euclidegﬁss'ble at data error probabilities. This implies about 10%

distance over WL and JN codes (see Table III). sav_ings in pOWer over symme_tric 8-PSK TCM. Ma_ny appli-
cations over fading channels involve battery supplied power

and hence this saving is very meaningful for such applications.
It must be remembered that symmetric 8-PSK TCM already
achieves large gains compared to uncoded systems. Higher
asymmetry angles may result in more gains but at much higher

By listing the length 2 and length 3 error events it can b8NR'’s. However, bringing the points too close together makes
verified thate(2, d2(2)) = 64 anda(3, d2(3)) = 128 for # <  a system more sensitive to phase jitter due to imperfect carrier
45°. The minimum length 3 product distance fr< 45° is  synchronization and must be avoided. Also, the crossovers may
achieved by the combination begin to happen at impractically high SNR's.

B. Simulation Results for 8-State Rate 2/3 8-APSK TCM

27 6—\27c—\2
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