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Abstract: If we look at the communication system per se then we find that the coder and modulator are two
different sections and function independently. Therefore, if the only coding rate is varied as per the design by
keeping other parameters same then this directly affects the bandwidth (BW) of the system. For example, if the
coding rate is 1/2 the bandwidth reduced to one half and if rate is 1/3 then BW reduces to one third and
likewise. However, there is a method by which the BW can be preserved and this can be done if coding and
modulation are combined, which means that they do not function independently and whenever the coding rate is
changed then the modulation is also changed accordingly. Let us take an example when no coding is employed
and the modulation scheme is BPSK. If now the only coding is introduced having the rate as 1/2 then the BW
reduces to half but if at the same time modulation scheme is also changed from BPSK to QPSK then the BW can
be preserved. This scheme wherein coding and modulation have been combined in order to preserve the
bandwidth is known as Trellis Coded Modulation. This was invented in 1970s and presently being utilized in
most of the contemporary communication systems. Traditionally, it is convolutional coding scheme that is
combined with the modulation techniques. By taking above concept into consideration a novel TCM scheme of
rate 4/5 has been designed for fading channel, which utilizes 32 states and integrated with 32 QAM. The
performance of this scheme has been compared with the uncoded 16-Ary QAM and a coding gain of about 3dB
has been observed.
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I.  Introduction

There has been a continuous effort, being put in by the researchers in designing the efficient coding
schemes so as to achieve the Nyquist limit. However, there is a dilemma between the code rate and the
bandwidth [1]. Better codes are achieved by adding more redundant bits but this results in expansion of
bandwidth and when this expanded bandwidth is absorbed through the change in modulation techniques then the
Euclidean distance between the constellation points decreases. This decrease in distance results in increase in
errors. The use of Trellis Coded Modulation (TCM) [2] is therefore to improve the system performance without
increasing the transmit power and channel bandwidth [3] For example, when no coding is employed and the
modulation utilized is 16 QAM, then by taking the specific BW and power into consideration, the distance
between the Constellation points is taken as d. Search for better and better codes are being undertaken by the
researchers. Zhuging Yue et all has also presented a three-dimension 9QAM-TCM scheme which combines a
novel probabilistic shaping method with three-dimension QAM mapping[4].In this paper TCM code having rate
4/5 32 states and employing 32 QAM [5] has been presented. It is to be noted that when the coding having rate
4/5 is implemented then because of TCM, the modulation has to be changed to 32 QAM from 16 QAM in order
to preserve BW. But then the distance between the constellation points decreases as shown in Fig 1. As can be
seen from the Fig 1(b) and (c) that in both the constellation the distance between the signal points decreases. In
first case shown in Fig 1(b) the amplitude between the signal points decreases and in the other case in Fig 1 (c)
the distance between the phase decreases. It is to be noted that any configuration of constellation is utilized, the
distance between the signal points will be reduced. As mentioned before this decrease in distance will result in
introduction of errors. In such cases the design of coding scheme should be such that it caters for correction of
these errors and also offers coding gain over and above the uncoded one.
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Fig. 1 Reduction in Euclidean distance after change in modulation scheme from 16 QAM to 32 QAM

It has been observed that it is possible to combine the coding scheme and modulation schemes into one
block, wherein both are dependent on each other i.e., when the coding technique is changed then along with
modulation scheme is also changed in order to preserve BW. This combination of Coding and Modulation
schemes is known as Trellis Coded Modulation (TCM). As mentioned previously, coding techniques employed
in such a scheme is Convolutional coding [6]. Such TCM schemes have been developed which not only
preserve the BW but also provide coding gain over the uncoded one. This has been the main reason for
undertaking maximum research in this direction.

Now we will look into the design aspect of TCM. The main aim in designing the coding scheme is to
increase the minimum free distance by taking into the consideration the relation between trellis and modulation.
It means that the output of modulator is not directly mapped to input provided to the modulator from the encoder
but mapped to the symbols selected from the partition of signal constellation. This selection of symbol from the
partition is the heart of coding scheme and has an impact on the performance of TCM scheme.

The detection at the receiver is performed using soft decision, because hard decision results in
irreversible loss of information leading to the loss of Signal to Noise Ratio (SNR). The criteria used in soft
decision detection in respect of fading channel is maximum likelihood, in which Euclidean distance plays the
major role in selecting the optimum sequence. Which implies that the one of the code sequences which has the
least Euclidean distance when compared with the received sequence will be selected as the decoded sequence.
Further if interleaver is also combined with TCM, the coding can be further improved [7], provided suitable
criteria is utilized in designing.

The organization of paper is as follows. System model is explained in section Il. The design of rate 4/5, 32
states, 32 QAM TCM coding scheme in respect of fading channel has been presented in section IlI. In section
IV code construction has been elaborated. In section V performance analysis has been presented and in section
VI, the results have been discussed.

Il. System Model

The block diagram of general communication system [8] has been shown in Fig. 2. Since our focus on
the TCM we will discuss the part of the Block Diagram involving Channel Encoder, Modulator, Fading
Channel, Demodulator and Channel Decoder [3]. Considering the output of Source Encoder as the input bits to
the Channel Encoder, the first block of TCM Scheme. As now we know that the TCM is combination of Coding
and modulation, the combination of these two blocks we will call as TCM Encoder. The output of the TCM
Encoder is the output of QAM modulator, which produces a signal sequence s;, Sy, ....sn, where sg, S,etc. are
vectors selected from the appropriate QAM signal set.

To make the coding system more robust to the burst errors an interleaver can also be introduced which
will spread the burst errors so that these will be corrected by the TCM coding scheme. Further in order to
eliminate the Inter Symbol Interference pulse shaping can also be implemented prior undertaking the
modulation. The output of the modulator when passed through the fading channel, the errors get introduced due
to multiple reflections from the objects, Gaussian Noise gets added to the signal and finally the distorted signals
are received at the receiver.

At the receiver these signals are detected, demodulated by the demodulator i.e., ry, r,, ...rn and then
passed on to the decoder, which undertakes the Maximum Likelihood decoding.
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Fig. 2 Communication block diagram.

A simplified diagram of the system shown in Fig. 2 has been depicted in Fig. 3 for the purpose of
analysis. It can be seen from the Fig. 3 that the received signal at time i can be shown as

ro=c,.s, +n,

where, n; indicate zero mean Gaussian noise having variance No/2 and ¢; is the complex channel gain, which can
be expressed as follows using phasor notation.

c.=a, e’

a; and ¢ indicate the amplitude and the phase respectively.

TCM Encoder
(Convolutional Coder
of rate 4/5 Multiplier
plus
32-QAM Modulator)

TCM Decoder
(32-QAM Demodulator
Plus
Viterbi Decoder)

Fig. 3 Simplified model of Fig. 2

Suppose the receiver performs coherent detection, then the channel phase shift gets compensated by the receiver
then r; can be rewritten as

r=as, th
where g; is the noise amplitude.

When there is only diffused multipath component in a channel then the fading amplitude is modeled as Rayleigh
distributed having the PDF

pyla)= 2ae %,  a>0.

And when in addition to multipath fading if, there is a single dominant, nonfading component offered by the
channel then, the amplitude a; is Rician distributed, having PDF as

pa(@)=2a(l+K)e KK 04 [KQ+K)) . a=0
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where K is the indicative of Rician parameter, which is the ratio of the received signal energy of
multipath components in the direct and diffused paths and 10(.) is the zero-order modified Bessel function of the
first kind.

I11. Proposed Design

The design of TCM coding scheme having rate 4/5, 32 states in respect of 32 QAM will be enumerated
in this section. The design has been optimized for fading channel. The rules those are being framed have been
based on the rules of earlier TCM Coding scheme having rate 2/3, 8 states developed by Ungerboeck for fading
channel [9], in respect of 8 PSK modulation and optimized for fading channel. This scheme provided an
effective length L of 2 and d%.. of 4.586 times E;. As performance of QAM is comparatively better in
comparison with PSK, many researchers in the past have tried to develop the TCM codes for QAM. In [10]
Periyalwar S has explained one such design of TCM for MQAM. By taking this design into consideration,
following guidelines are proposed for designing the TCM scheme optimized for the fading channel, having rate
4/5, 32-states, utilizing the modulation scheme of 32-QAM.

First, a method of designing the signal set partitioning is being presented. The 32 QAM signal set will
be partitioned into two subsets as shown in the Fig 4. These sets are designated as Agand A;, where A, consists
of So, S2, S4, Se, Sa, S10, S12, S14, S16, S18, S20, S22, S24, S26+ S28, Sz0aNd Aq coNsists of sy, S3, Ss, S7, Sg, S11, S13, S15, S17, S10,
Sp1, S23, S25, S27, S20aNd S31 The value of Sy to S, is depicted in table 1.

Symbol | Value | Symbol | Value | Symbol | Value | Symbol | Value
So 00000 | Sg 01000 | S 10000 | S,, 11000
S; 00001 | Sq 01001 | Sy; 10001 | Sy 11001
S, 00010 | Syo 01010 | Sis 10010 | Sy 11010
S3 00011 | S;y 01011 | Sy 10011 | Sy, 11011
S4 00100 | Sy, 01100 | Sy 10100 | Sy 11100
Ss 00101 | Si5 01101 | S 10101 | Sy 11101
Se 00110 | Sy4 01110 | Sy, 10110 | Sq 11110
S; 00111 | Sis 01111 | Sy 10111 | Sy 11111

Table 1. The binary values of symbols used in set partitioning

Second aspect of TCM is the generation of these signals whenever an input is provided. It can also be
seen that whenever an input is given the state changes, therefore, all outputs are best represented by the matrix
of states. In the present case as there are 32 states, 32x32 matrix will depict all transitions between the states. In
order to represent the output of the TCM coder while state changes from i to j is indicated by the ij" element of
the matrix.

Fig. 4 Partitioning of 32 QAM Signal set

It can be seen that there are 32 States and the input are only 16, which means that all transitions cannot take
place, therefore it is proposed to follow the undermentioned rules for associating the Signals with the change in
the states.

a. In any row or column Signal should occur only once.
b. Path will be valid only if LSB of starting state i.e., 0 or 1 is equal to the MSB of the next state.
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c. For the given initial state to all possible transition states, the signals will be from either of the two sets
Ao and A; defined previously. Output matrix of this design has been shown in the Fig. 5.

Plot of Outputs Matrix

State Transition

Fig. 5 Output matrix

d. The State Transition matrix for the proposed design is shown in Table 2.

States 00000 00001 00010 00011 00100 00101 00110 00111 01000 01001 01010 01011 01100 01101 01110 01111 10000 10001 10010 10011 10100 10101 10110 10111 11000 11001 11010 11011 11100 11101 11110 11111
00000 Seo S S;z Sz Ses  Sos  Ses S Ses S S Som  Sec S Soe S Sow  Sous Sorz Sz Sow Sos Ses Sowr Sws Ses Sowm Sor Sme Saww Swr o
00001 Sy Su 5w Sz Su Ss S, Sy S5 S S S S S S S Suo S S Sus Sus Sus Swus 5w Sus Sue Sua Sus Sue Sup Sue S
00010 Sy S S Sm Sua S» S Sy Su S Sm S Sic S S Sw Suo San Sa Sas Sa Sas Sue So Sas Same S Saie Sae San Sae Sa
00011 Sy Ssi  Ss;  Ss Ssa Ss Sss Ss; Sss Ss S:a Sss Sic Ssp Sse S;e Sio Ssu Saz Sus Sswa Ssis Sus Ssir Ssis Sus Ssia Ssis Ssc Ssi Ssie Sa
00100 Sy S Sa2 Sz Sas Sas Sas  So Sas S Saa Sam Sac S Sa  Sw Saw Sun Saz Sas Sas Sas Sas Say Sas Sas Saw Sa Sac Saw Sae Saw

00101 S;o  Seu Ss2 S S;e Ss Ss Sy Ss S S Sse S, Sso Sse Sy Ssw Ssu Sa Sus Saw Sss Sae Ssw Sas Sse Ssw Sse Sac Ssw Sse San

00110 Sg  Se:  Se  Ses  Sea  Ses  Ses  Ser  Ses  Ses  Sen Ses  Sec  Seo  Set  Ser  Sswc  Ssuz  Ssz  Sss Sews  Se:s  Ses  Ssiv Seis  Seis  Seta Seis Sewc  Seww S Serr
00111 S Szt S S;s S S S Sy S Sm S Sm Se Sm S S Sme Sm Smz Sms Sma Sms Sme Sy Sms Sms St Sms Sme Sme Sme Swe
01000 Seo S S Sm Ses Ss S 5w Ses Se Sen Ssm Sec S S Se Sew Sen Se Ses Sew Ses Sas Sy Sms See Sew Sse Sme Sew Sme Sar
01001 Seo  Ser  Se2 Ses Ses See Ses  Ssr Ses Se Sea Ses S S0 Ser Ser Soww S Sez Ses Sows  Sois Sas Sory Sois Sere Sora Sos Sec Sow S Sarr
L1010 S Sw S S Sw S Sw Sw Sm Sw o Swm S S S Sw Sk Sw Sws Swz Sus Sws Sus Sus S Sus Sus Sua Sus Swc Suo e Sur
D011 S Se Se Sm Sm Sw  Ss  Se s Sm  Ss S Sw Sw  Ssc Sw S S Sem Sem Sem Ses Sm Ser Sew Sms Sam Sem Sex S Sex Ser
'DIIDD Sco Scy Se Scs Sca Scs Scs So Scs Sco Sea S Scc Sco Sce Sce Sewo Senr Scaz Scas Scws Scis Sas Sy Scis Scie Scia Scie Sac Sc Scie Sar
DUOL Su Sn Sm Sm Sme S Sw Sm Ss Sm Sm S Sw Smw S S S Sow Som S Sow Sos Sows Sow Sos Sos Som Sos Sow Smo  Sow Sow
D10 Sp  Su Se Sm Sm Sm Sw S Sm Sm S S S Sw S S S Sew Sm: S Sms Sms Sme Ser Smm Sme Ses Sms Sme Smo  Sme Sar

D11 S S Se Sm S Sm Sm S Sm S S S S Sw S S Sm Sru Smx S Sme Sms Sms Sem Sus Sms S Ses Smc Smo  See S
0000 Sipo Sus Swr Sus Sis Sws Sws S Sws Sws Swa Swe Swe Swp  Swr Sw S S S S S Swss Swss S Swm Sioe Swom Swo St S Sioe Suasr
0001 Sus Sux Sur Sus Sue Sus Sue Sur Sur Sus S Sus Sue Sus  Sur S Sus Suw Sum Sun S Sum Sue Sup Sws Sws Sum Sus Sme Sum Sue Suw
0010 Sup S Sm S Smi Sms Sus S S;s Sms Sma Sme Sme Smp  Sm Smr S Sus Sum Sus Sme Sms S Sao Sme Saie i Sue Sme Sme Sme Sur
'lDDll Sis0  |Sim Sysz Syss Sisa Syss Syss  |Sisz Siss Syse Si3a  Sue Sysc Sisp Syse Sysr Sis:0 Si1r Sz Sisis [Sae S35 Sisis (Si3ir Sisis Sise [S1sia Sas Sisic [Siswo Spse  Sisie
0100 Sup Sus Sur Sus Sus Sus Sue Swr Sus Sws Sus Sus Suc Sup  Sue Sur S Suw Sws Suss Sums S Sume Swr Sws Sus Sus Susw Swe Sum Swse Su
T0101 Sip Ser Sux Suw Sue Swms Swe Swr Sus Sms Sa Sus Swe Suo  Sur Sur S Sum Swm Swn Sme Sms Swmw Sup Sms Ssw s Sue Smc Smw o Sue Swr
'10110 S0 (Sie1 S12 Siez [Siea Sues Sies Sie7 Sies  Sueo  (Sisa  Swem  Suec | Sien Siee  Sier  Siswo Siers Sierz Sisss Siers Siers Sisss Sierr Sisws  Sisio Sisn Siewe  Sisic Sisip Swere  Sistr
TOM1 Sy Sew Swx Sm Sme Szm Swe S;r S;m Sms Sa Sem Sme Szp Swr Sor Sum S;u Som Sum S Spm S Sop Spm Smw Sum S;e Sme Sm S;me S
000 So S Swz S Sun Sws Swe Swr Sus Sws S Sum Swse Sup  Sur Swr S S Swm S S Sms Swme S Sws S S S S Smo S Swr
'11001 Sic0 |Sier S1e2 Sios [Sien Sies  Sios  (Siev Sies Sico  [Sica  Swes Siec  |Siop Sior  Sior  Si010 Sie1z Sierz Sio1s Sio1a Siors Sioss Si017 Sioss Sio10 Si0aa Siere Swic Siewn  Swere  Siore
1010 Sy S Sws Sws Sme Sws Sus Sy Sus Sms Sus Sus Sme Suo  Sur Swr S Suu Sw; S Sms Swss Sms Sy Sme Smse Sm Suss Smue S S Sur
OIS S Sur S S Sus Sse S Sue Sws S S;s Sme Sup  S;x S S S Sww Sem S Swms Smw Sy S S S S S S Swne Swwr
M0 S S Siz Sz S S S S Sim Sws S Sue Swe Swo Sue Swr S s S S S S S S S S S Sws S S Sw Sir
TII01 S Sin Sws Sis S Sws S S Sws Sws Siw Swe Swe S S Sior Siow S S S S Swss Swss Sy S S S Swoms S S Swose S
0 Sy S Sur Sus Sws S Swe S S Sws S Sum Swe Sup  Sur Swr S S S S S S Sime Sir Sws S S Swmw S S Swme i

'|||11 Sirn S Surn Simn Sara Surr Serr S Sern Surn S Sern Surn Sirn Serr Surr S.Iv.m. Sree Svan 5 Sarn
Table 2. State transitions Matrix

IV. Construction of Code

The construction of code for rate 4/5, 32-state, 32-QAM will now be discussed. The design will be
based on the rules enumerated in the preceding section

The second rule states that path will be valid only if LSB of starting state is equal to the MSB of the
next state, therefore in such cases, wherever transitions are not permitted should be removed and the subset A,
to be associated with the LSB = 0 and subset A; to be associated with the LSB =1.

Which implies that for the signals indicated in the rows having even number subset A, will be utilized
and in case of the rows having odd numbers subset A; will be utilized. For ijth element of the transition matrix,

we can choose any signal point from the subset A, as the first element of the first row and similarly from subset
A as the first element of second row. For the sake of simplicity let us take them to be as s and s, respectively.
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After this, in accordance with the rule mentioned above, the signals from the subset A, and A; are
assigned to the first row to the sixteenth row.

Subsequently, any number from subset Ag i.e. Sg, Or Sg can be put as first element of seventeenth row
and eighteenth row respectively. Now by taking the second and third rule into consideration remaining signals
are assigned in the rows from seventeenth to thirty second rows. The trellis diagram for this design of code is
shown in Fig 6.

Plot of NextStates Matrix

00000/00
00001/01
00010/02
00011/03
00100/04
00101/05
00110/06
00111/07
01000/10
01001/11
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01101/15

00000/00
00001/01
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00100/04
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.S 01000110
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0101113
0110014
0110115
01110/16
0111117
10000/20
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11000/30
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11011/33
11100134
11101/35
11110136
11111137

O O O O Y Y I I

State Transition

Fig. 6 Trellis diagram of the code having Rate 4/5 and 32-state

V. Performance Analysis
For undertaking the performance analysis in simplistic manner, let us assume that detection is coherent,
CSl is perfect and fading is independent in respect of each symbol. Now, if Rician channel model is considered
then the upper bound on the pairwise error probability [6] for above system is given as
2

1 -
f 14K ATARE
P,(s;.5)< - exp — 0
2

2

. 1 .
P+ K —s, -5,
4N,

0
where §,is the symbol decoded in respect of symbols,that was transmitted and P (s.$) indicates the

probability of this decoding. At high SNR this simplifies to

14K +— s, =5,
4N,

. (1+K)e *
Py(s;.81) < H1—2
4N,

where 7 indicates all those values of i where S; is not equal to §i .

If all these values where S; is not equal to §i denoted |,, then the above equation can be further simplified as

(1 +K)e ®)"

Py(s;.8,) < I
1Y) 5
— | da(l
(4N0j P(r,v)
where,
2 ~ 12
dP(lry):H‘Si_Si

ien
is referred to as the squared product distance of the signals where S; is not equal to §i, in the error event (SI , §| )
path. In the Fig. 7. the effective length of the error event (s,I \§ ) has been shown.
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Fig. 7 Effective length of error event

To calculate the upper bound in respect of error event probability, the use of union bound can be made
and the error event probability is summed up for all values of | by taking all transmitted sequence into
consideration then this can be calculated as

&sﬁZme&m@)
=1

S, S,7S,

in which P(s)) denotes the a priori probability of transmitting symbol s;. Substituting P,(s,4 ) @ mentioned
above for high SNR’s then in respect of Rician fading channel, the upper bound can be rewritten as

1+ K)e Xy

P<Y Y at,dbay )
1, Q) 1) o)
4N, ) T

where ofl,, ,dpz(l,,)) depicts the average number of code sequences which have the effective length I,& the
squared product distance as dgz(l,,). For further simplification min(l,) is depicted by L and the corresponding
squared product distance by d,"(L), then the error event probability can be approximated by

1+ K)e ™)t
1 L

4’\/] dp(L)
<Y

P, ~a(L.dy (L))

If the channel is considered to be Rayleigh, then K is equal to 0, and the above equation can be written as
(L, dp (L))

1 L
2
(o) 0

P~

e

If the channel is considered to be AWGN then K is equal to « and the equation of P, can be written as follows

[6]

2
d free

1
P, = —N(d g, )er/
2 0

wherein ds is the free Euclidean distance of the code.

VI. Result and Conclusion
The analysis was undertaken in MATLAB and the result has been shown in Fig 8. It can be seen from
the result that approximately two to three dB gain has been achieved by using the proposed TCM coding scheme
having rate 4/5 and having 32 QAM modulation, over the uncoded 16-QAM modulation scheme. The analysis
was also undertaken by utilizing an interleaver in order to take care of burst errors, which is a prevalent
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phenomenon in multipath channel and it is seen that a further gain of two to three dB has been obtained over and
above the gain achieved through TCM coding. It can be concluded that the proposed coding scheme will
facilitate the communication at higher data rate over the fading channel.

[11.

[21.
[3].

[41.
[5].

[6].
7.
[8].
[91.
[10].

Performance of TCM Coding scheme having
Rate 4/5, 32 States, 32 QAM in Rician Fading Environment

107
—#— With coding
—+— With coding and Helical interleaver
Without Coding
104X

Bit Error Rate (BER)

15 15.5 16 16.5 17 17.5 18 18.5 19 19.5 20
Eb/No (dB)
Fig. 8 Bit Error Rate Vs E,/N,
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