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ABSTRACT 

The wireless communication systems are expected to support high speed multimedia 

services such as high speed internet access, mobile gaming, and high definition video 

transmission. The rapidly growing demand of these services is driving the communication 

technology towards reliable and high data rate transmission. In this research work, design 

and analysis of different dynamically grouped multilevel space-time trellis codes have 

been presented in order to support the rising demand for higher data rate and higher 

reliability in the wireless communication systems. The simulation results depict that the 

proposed codes provide better performance than existing multilevel space-time trellis 

codes (MLSTTCs) and grouped multilevel space-time trellis codes (GMLSTTCs).  

MLSTTCs and GMLSTTCs consider channel state information (CSI) at the receiver 

only without considering the CSI at the transmitter. In this research work, effects of the 

CSI at the transmitter have been considered to improve the performance of MLSTTCs 

and GMLSTTCs. The CSI has been used to dynamically select a component space-time 

trellis code (STTC), adaptively group the transmit antennas, and provide a beamforming 

scheme for dynamic distribution of the transmit power across the transmit antennas.  

MLSTTCs and GMLSTTCs use predefined STTCs as the component codes in the 

multilevel coding. A code set selection algorithm has been proposed for dynamic 

selection of the generator sequences with the help of the CSI at the transmitter. The 

selected generator sequences are used to design dynamic space-time trellis codes 

(DSTTCs). The simulation results show that the coding gain of DSTTCs is superior to 

existing STTCs by 0.7 dB at frame error rate (FER) of 10-2. DSTTCs are used as the 

component code in multilevel coding for designing multilevel dynamic space-time trellis 

codes (MLDSTTCs) and grouped multilevel dynamic space-time trellis codes 

(GMLDSTTCs). It may be inferred from the results that MLDSTTCs are superior to 
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MLSTTCs by 1.1 dB at FER of 10-1 and GMLDSTTCs are superior to GMLSTTCs by 

1.6 dB at FER of 10-2. 

GMLSTTCs use static grouping of transmit antennas. In the presented research work, 

the performance of GMLSTTCs has been improved by performing the adaptive grouping 

of the transmit antennas based on the CSI. Adaptively grouped multilevel space-time 

trellis codes (AGMLSTTCs) have been designed by grouping the transmit antennas with 

the help of the CSI at the transmitter. An adaptive antenna grouping algorithm has been 

proposed to perform the transmit antenna grouping. Instantaneous channel power gain is 

calculated between each transmit antenna and all the receive antennas. A subset of 

transmit antennas having maximum instantaneous channel power gain is selected to form 

a group of transmit antennas. From the presented results, it is evident that AGMLSTTCs 

are superior to GMLSTTCs by 1.5 dB at the FER of 10-2. 

In GMLSTTCs, the transmit power is equally distributed across all transmit antennas. 

The performance of GMLSTTCs has been improved by dynamically allocating the power 

to the transmit antennas. Weighted adaptively grouped multilevel space-time trellis codes 

(WAGMLSTTCs) and weighted adaptively grouped multilevel dynamic space-time trellis 

codes (WAGMDLSTTCs) have been designed by weighting the transmitting signals 

based on the CSI at the transmitter. It has been shown that the performance of 

WAGMLSTTCs is better than GMLSTTCs by 2.6 dB and the performance of 

WAGMDLSTTCs is superior to GMLSTTCs by 3.2 dB.  
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CHAPTER 1 

INTRODUCTION BASED ON LITERATURE REVIEW 

 

1.1 INTRODUCTION 

The evolution of wireless communication started in 1880’s with the transmission of 

electromagnetic waves through air. Since then a phenomenal growth in wireless 

communications has been unveiled. With the convenience of mobile communications and 

ease of deployment of systems without wires, wireless communication has enjoyed 

explosive growth since the 1990s’, and it is now an essential part of our daily life. The 

desire to communicate from anywhere at any time has increased the demand for high 

speed and reliable communication. There has been tremendous increase in number of 

electronic devices such as laptops, tabs, mobile phones, high resolution digital cameras, 

and wireless local area networks for homes and businesses, etc. These devices are having 

capability to process large amounts of data at high speed. As a result, there has been 

substantially increase in requirement of data transmission techniques that can provide not 

only high data transmission rate but also provide reliable communication with minimum 

errors.  

The wireless communication systems have evolved and developed with increase in 

requirement of data transmission at high data rate. The first generation (1G) wireless 

systems came in early 1980’s to offer mainly speech related services. Due to limitations 

in analog techniques of 1G wireless systems, second generation (2G) systems evolved 

which employed digital protocols such as global system for mobile communications 

(GSM), code division multiple access (CDMA), and other digital signal processing 

techniques for transmission of data. Most of the cellular networks, that provide services 

such as voice communication, image, and text messaging, are based on 2G techniques.  
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Envisioning providing multimedia communications, third generation (3G) wireless 

systems such as universal mobile telecommunications system (UMTS) and wideband 

code-division multiple access (WCDMA) are characterized by maximum data rates of up 

to 2 megabits per second. These systems are currently employed in more than 195 

countries with more than 850 million end users. 3G finds application in wireless voice 

telephony, mobile Internet access, video calls, and mobile TV.  

The demand for broadband wireless access is increasing with the explosive growth of 

the internet services. The aim of fourth generation (4G) is to provide data rates greater 

than 100 megabits per second and higher reliability in wireless communication. A 4G 

system, in addition to the usual voice and other 3G services, provides mobile ultra-

broadband internet access to laptops with USB wireless modems, smartphones, and other 

mobile devices at the speed of more than 100 megabits per second. Reliable transmission 

with high peak data rates is expected to be 1 gigabits per second or even higher for 4G 

systems and systems beyond 4G. Thus, there is a two-part challenge for the design 

engineers of wireless systems: one is to increase the data rates with less number of errors, 

and other is to improve power and bandwidth efficiency of the wireless systems.  

The wireless communication channel is random and unpredictable by its nature. Due 

to this nature, channel error rates over the wireless channel are more than channel error 

rates over a wired channel. The signal propagating through free space is attenuated due to 

absorption, reflection, and scattering of signal by objects in the environment. The relative 

movements of objects and mobile devices are other causes of severe attenuation of the 

signal. These attenuations in the signal substantially decrease the strength of the signal 

which results in an increase in errors and therefore degrades the performance of the 

wireless systems significantly. 

A number of promising solutions have been generated by the research community to 
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improve the performance of wireless systems by mitigating the effects of the multipath 

fading. The effects of fading can be substantially mitigated by using diversity techniques. 

Three prominent forms of diversity techniques exploited for fading channels are: 

temporal diversity, spectral diversity, and spatial diversity. It has been found that the 

spatial diversity can be explored in the wireless systems by employing multiple transmit 

and multiple receive antennas. Multiple-input multiple-output (MIMO) systems have 

been designed that use spatial diversity by employing the multiple antennas both at 

transmitter and receiver to provide significant improvement in the channel capacity and 

error performance without increasing the power consumption. For instance, the transmit 

antennas in MIMO systems are useful for increasing the antenna gain, reducing the 

transmit power, and suppressing the interference. 

A promising method to provide spatial diversity and achieve high spectral efficiency 

with minimum errors is space-time coding. Space-time trellis coding, a family member of 

space-time coding, is based on spatial diversity and finds its application in the cellular 

communications and in most of the wireless networks. A main issue in space-time trellis 

coding is large redundancy and exponential increase in complexity at high spectral 

efficiency.  

Multilevel coding (MLC) is a transmission scheme that is used in the wireless 

communication systems to achieve high spectral efficiency. In spite of the advantages of 

improving the spectral efficiency, multilevel signals are not reliable because the 

multilevel signals are easily distorted by channel noise. Therefore, the multilevel coding 

requires an error-correcting scheme to make the multilevel signals immune to the channel 

noise and therefore, to provide reliability in the data transmission.  

Thus, there was a strong need for a transmission scheme which can provide benefits 

of the multilevel coding and the space-time trellis coding without having the 
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disadvantages of the multilevel coding and the space-time trellis coding i.e. a 

transmission scheme that can provide high data rate, low error rate, and has manageable 

complexity. 

1.2 MOTIVATION FOR RESEARCH 

Although, space-time trellis codes (STTCs) have been designed to substantial 

improve the diversity, data rate, and coding gain, but there is an exponential increase in 

the complexity of STTCs at high data rates. Generally, design criterion for STTCs needs 

a vigorous computer search. The search space for the computer search increases 

exponentially with increase in the size of the constellation. The search space also 

increases with increase in number of states and the number of transmit antennas. Due to 

this, practically design engineers are reluctant to use large size constellations in STTCs to 

provide high data rate transmission.  

Although, multilevel coding has been designed to significantly increase the spectral 

efficiency, but the multilevel signals have a disadvantage that they are easily corrupted by 

noise in the communication channel. Therefore, the multilevel signals are combined with 

different error-correcting schemes to provide reliable communication at high data rates.  

Grouped multilevel space-time trellis codes (GMLSTTCs) have been designed based 

on the combination of multilevel coding and STTCs. GMLSTTCs provide not only 

improvement in spectral efficiency, coding gain, and diversity gain, but also linear 

increase in the complexity at high data rate in comparison to exponential increase in the 

complexity in STTCs. This scheme considers channel state information (CSI) at the 

receiver only which limits the performance of GMLSTTCs. GMLSTTCs use predefined 

antenna grouping, static component codes, and equal power allocation to the transmit 

antennas. Therefore, there was requirement of a transmission scheme which can use CSI 

at the transmitter to improve the performance of GMLSTTCs. 
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In this thesis, the primary aim is to design and analyse an efficient transmission 

scheme using STTCs, MLC, and CSI at the transmitter for providing high spectral 

efficiency and better error performance with low complexity. The main purpose of the 

presented work is to analyse the use of CSI at the transmitter for dynamic selection of 

component codes for multilevel coding, dynamic allocation of power to transmit 

antennas, and adaptive grouping of transmit antennas. In order to design the efficient 

transmission scheme, a detailed literature survey was carried out to investigate the 

different multilevel coding schemes, space-time coding schemes, and effects of the CSI 

on different coding schemes.  

1.3 MULTILEVEL CODING 

Forward error correcting codes (FEC) [1] are widely used in digital communication 

systems for reliable transmission of information on various communication channels. 

However, the forward error correcting codes have a code rate less than 1bit/s and thereby 

the spectral efficiency is less than 1 bit/dimension for the systems using the forward error 

correcting codes. With the growth in the demand for high data rates, there was 

requirement for data transmission techniques that can provide high spectral efficiency in 

the limited available bandwidth.  

Coded modulation, founded in 1974 by Messey [2], is a highly efficient transmission 

technique for improving the error performance, coding gain, and spectral efficiency of a 

digital communication scheme. The coded modulation combines the modulation and 

coding to achieve the coding gain without reducing the data rate or without compromising 

with the bandwidth efficiency. In late 1970s, Ungerboeck and Csajka [3] in their 

pioneering work extended Messey’s thoughts to design a powerful coded modulation 

technique by combining the modulation and channel coding using a trellis code. Since, 

Ungerbock's coded modulation was of trellis nature, this scheme was referred to as trellis 
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coded modulation (TCM).  

At the same time Imai and Hirakawa [4] in their seminal work presented another 

powerful coded modulation technique named as multilevel coded modulation in which 

each individual bit is protected using a different binary error correcting code. Each binary 

error correcting code is mapped to Mary signal constellation to provide flexible data rate.  

Both of these schemes are based on the constellation partitioning to optimize 

Euclidean distances between the codewords as compared to Hamming distances dealt in 

the classical coding schemes. Both the schemes have showed that the combination of the 

modulation and the channel coding results in high data rate and high coding gain in 

comparison with other coding schemes.  

Specifically, in Ungerboeck’s TCM [3], [5]-[7], a signal constellation is partitioned 

into a plurality of subsets in such a way that the distance between the subsets is 

maximized. A TCM encoder splits the binary symbols into least significant binary 

symbols and most significant binary symbols which are encoded using different error 

correcting codes. The minimum Euclidean distance between coded symbols is maximized 

using an exhaustive computer search. Forney et al. [8], and Calderbank and Mazo [9] 

further contributed to the development and improvement of TCM technique since 

Ungerboeck’s seminal work.  

Originally, the Ungerboeck’s approach of constellation partition was designed for one 

dimensional signal constellation only. Calderbank and Sloane [10] generalized the 

partitions of the one dimensional signal constellation to partitions of the multidimensional 

signal constellation sets. The authors presented partitioning of the multidimensional 

signal sets into multiple levels and mapping a coset code to each level. A lot of work on 

TCM e.g. in [11], [12] have been presented for further improving the coding gain of TCM 

and showing that the deficiencies of FEC can be overcome by TCM.  
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Research community performed a lot of work to combine the signal constellation of 

higher dimensions with error correcting codes to provide flexible data transmission rates 

using TCM. Imai and Hirakawa [4] introduced the concept of multilevel coding using 

several error-correcting codes that can provide flexible data transmission rates and 

improve the bandwidth efficiency over the additive white Gaussian noise (AWGN) 

channel.  

In the multilevel coding technique, the modulation and error correcting codes are 

combined using a set of simple component codes to construct a complicated code. The 

input data stream is partitioned in a plurality of sub-streams which are encoded using 

respective error correction codes to generate the simple component codes. Each simple 

component code is mapped to the channel symbols from a predetermined signal 

constellation for transmission over the communication channel. The channel symbols are 

selected by partitioning the predetermined signal constellation successively into subsets 

until the subsets contain a single constellation point.  

Motivated by Imai and Hirakawa, Ginzburg [13] extended the multilevel coding to 

multiple dimensions by employing a group of component codes on the multi-dimensional 

signal constellation. Ginzburg presented hierarchical partitioning of the signal 

constellation in the subsets so that distance between the subsets is optimum. The results 

presented by Ginzburg showed that use of the multi-dimensional signal constellation 

provide better performance than using the single dimensional signal constellation in 

multilevel coding.  

Biglieri and Elia [14] and Sayegh [15] implemented the approach of partitioning the 

multi-dimensional signal constellations using trellis codes and block codes respectively as 

component codes for different levels. Tanner [16] elaborated the multilevel coding 

schemes by mixing the block codes and convolutional codes in the different levels. As a 
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special case, Duan et al. [17] presented a multilevel coding scheme by mapping each 

encoder output to an independent signal constellation to achieve the capacity of the 

AWGN channel. Ma and Ping [18] extended the scheme of Duan et al. [17] by using 

different power-allocation strategies in decoding to improve the bandwidth efficiency. 

Imai and Hirakawa [4] suggested a suboptimal multistage decoding for decoding the 

multilevel signals. In multilevel coding as discussed in [4] and [19]-[21], the transmission 

channel is split into several logical sub-channels based on the size of the underlying 

signal constellation. Therefore, a multistage decoder presented in [21] can be used to 

decode the component codes at each level. In the multistage decoder, the decoded output 

of first stage is passed to the next stage for decoding of the subsequent component code. 

The main advantage of the multistage decoder over the maximum likelihood decoder is 

that the complexity of the multistage decoder is proportional to sum of the decoding 

complexity of each component code instead of the product as in the maximum likelihood 

decoder.  

The conventional multistage decoding [21] involves sequentially passing output from 

the first stage decoder to the next stage decoder and so on. For component codes that do 

not achieve the channel capacity of the levels, the error correcting capability of the 

multilevel codes may not be fully exploited with the conventional multistage decoding. 

The main drawback in the conventional multistage decoding is the worst performance of 

the first level because it is decoded without any side information from all the other levels.  

This drawback can be overcome by introducing iterative multistage decoding which is 

presented by Isaka and Imai in [22]. In the iterative multistage decoding, reliability 

information is passed to the decoders at all subsequent levels and to at least decoders on 

some previous levels instead of only passing the output of the decoder at the current stage 

to decoders on subsequent levels. A significant improvement in performance is achieved 
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by using the iterative multistage decoding in comparison with the conventional multistage 

decoding. 

Bit-interleaved coded modulation (BICM) [23], [24] is one of the techniques which 

compete with multilevel coding. BICM is designed by combination of the binary error 

correcting codes and modulation by partitioning the signal constellations in a single level. 

BICM uses a single stage of decoding in comparison with multiple stages of decoding as 

in MLC.  

The bit-wise interleaving idea was first investigated by Zehavi [23] to improve the 

diversity of coded modulation using bit-wise interleaving at the output of the encoder and 

using an appropriate soft-decision bit metric at input of the decoder. Based on Zehavi’s 

findings, Caire et al. [24] presented a comprehensive information theoretical performance 

analysis of BICM and showed that the separation of the modulation and coding by the bit-

wise interleaving increases code diversity in comparison with TCM.  

The major drawback of BICM in comparison with MLC is the loss of data rate. This 

rate loss in BICM can be recovered by using Gray mappings [18] and iterative decoding 

[22]. The limitation of the Gray mapping is that it does not work in some fading channels 

and the importance of the Gray mapping is lost when the Euclidean distance of signal 

points are dependent on the channel characteristics. In such scenarios, multilevel coding 

provides much better performance than BICM. The examples of such scenarios are 

MIMO signaling presented in [25], [26], free space optical communications using the 

pulse modulation techniques [27], and decoders using frequency-shift keying [28]. 

A variety of design criteria have been proposed for designing the multilevel codes. 

These design criteria are used for selecting the component codes. Out of these criteria, 

two majorly used criteria are distance based criteria [4], [19]-[21] and capacity based 

design criteria [20], [29], [30]. A balanced distance design rule presented in [4] is based 
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on the minimum squared Euclidean distance (MSED) between the constellation points. 

The balanced distance design rule is used to choose component codes for all levels such 

that the MSED is maximized. The maximization of MSED based on the balanced 

distance rule results in equal protection for all the constellation points and helps in 

achieving a significant coding gain.  

The capacity based design rule states that for the desired signal-to-noise ratio (SNR), 

the component code at level l should be selected based on the equivalent channel capacity 

of the level l. The capacity design rule provides a superior estimation of the optimal 

component code at each level of multilevel coding than the balanced distance rule. 

Another design criterion for designing the multilevel codes is the error probability rule 

[22]. The aim of this rule is that all levels should equally contribute to the total bit error 

rate (BER). This rule can be applied for designing the multilevel codes for AWGN 

channel and other fading channels.  

Several constellation partitioning techniques have been presented in [20] and [31]-

[33] for multilevel coding. The set partitioning presented by Ungerboeck aims to partition 

the constellation such that minimum Euclidean distance increases with each level of 

partitioning. This set partitioning has two major drawbacks: first is the decoding of first 

level is associated with a large number of nearest neighbors which results in high BER 

and second is that this set partitioning provides poor coding gain.  

In block partitioning [34], the constellation points in first level are divided in two 

groups, on left and right of the y-axis. In the second level of partitioning, the constellation 

points in each group are divided into subgroups, above and below the x-axis. This 

partitioning continues until each subgroup has one constellation point. The block 

partitioning is in contrast with the set partitioning as the number of nearest neighbors in 

block partitioning is minimized at the cost of intra-set distance.  
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Hybrid partitioning [34] is a combination of the set partitioning and the block 

partitioning in which first level is partitioned based on the block partitioning and the 

subsequent levels are partitioned based on the set partitioning [35], [36]. Another 

partitioning technique is the coset partitioning [37], [38], presented by G.D. Forney in 

1988, which is based on Ungerboeck’s set partitioning to eliminate the exhaustive search 

required to find the best component codes. 

The tradeoffs for designing good multilevel codes involve number of points in the 

underlying signal constellation, scheme used for partitioning the signal constellation, 

number of levels in which the signal constellation is partitioned, distance between the 

signal points, type of component codes, and code rates at each level. These tradeoffs are 

selected to provide desired error performance, data rate, and decoding complexity. 

In comparison with Ungerboeck’s TCM, the multilevel coding scheme decouples the 

code rate from dimensionality of signal constellation to provide flexible data transmission 

rates. The benefits of multilevel coding are high data transmission rates, improvement in 

the received SNR, significantly low error rates, and mitigation of co-channel-interference. 

The design flexibility provided by the multilevel coding is that any type of codes can act 

as component code in multilevel coding. Examples of such codes are trellis codes, 

convolutional codes, or block codes.  

1.4 SPACE-TIME CODING 

Spatial diversity is a prevalent technique used in the wireless systems. The spatial 

diversity is implemented by arranging multiple antennas in space in such a way that the 

distance among the antennas is large enough so that signals transmitted or received are 

uncorrelated. The separation among the antennas changes based on height of the 

antennas, frequency of the transmitting signal, and propagation environment. Generally, 

the antennas are required to be separated by a minimum number of wavelengths to avoid 
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correlation among the signals.  

The spatial diversity is classified in two categories as receive diversity and transmit 

diversity. In receive diversity [39], [40], the multiple antennas are used at the receiver to 

receive the replicas of the transmitted signals and to mitigate the effects of the channel 

fading. In spite of advantages of the receive diversity, it is very difficult to install multiple 

antennas at the mobile devices because the mobile devices are required to be small, 

portable, and inexpensive. Therefore, it is preferred that the transmitter should have the 

multiple transmit antennas. As a result, the demand of transmit diversity schemes [41], 

[42] grew at fast rate to increase the spectral efficiency and error performance of the 

wireless fading channels. 

Pioneering works by Winters [43], Foschini [44], and Telatar [45] have shown 

remarkable increase in the spectral efficiency for wireless systems using the transmit 

diversity and receive diversity. Under the rich scattering environments [46] with 

independent transmission paths, a MIMO system with NR receive antennas and NT 

transmit antennas provide an increase in spectral efficiency by a factor of min (NR; NT) in 

comparison with a system with one receive antenna and one transmit antenna.  

The advantages of using the multiple transmit and receive antennas are because of 

two effects. One is the diversity gain since it reduces the chances that there is a deep 

fading of signals transmitted by several antennas simultaneously. The other is 

beamforming gain obtained by combining signals from different transmit antennas to 

achieve a high SNR. The multiple antennas at the receiver and transmitter introduce a 

new dimension of space on top of the conventional time dimension at the transmitter. 

This triggers tremendous research interests on multi-dimensional coding schemes for 

MIMO systems, which are generally referred to as space-time coding schemes.  

Originally, the space-time coding was proposed by Tarokh et al. [47] in 1998 in their 
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popular work by designing codes over both time and space dimensions. The space-time 

coding is performed by combining the coding, modulation, and spatial diversity using the 

multiple transmit and receive antennas. The space-time coding provides improvement not 

only in the diversity gain but also in the coding gain without forfeiting the bandwidth.  

Tarokh et al. in their original work devised well-known criteria for designing and 

governing the performance of the space-time codes. These design criteria are referred to 

as rank and determinant criteria. The rank criterion states that the maximum diversity 

gain can be attained by maximizing the minimum rank of a code distance matrix, while 

the determinant criterion states that the maximum coding gain can be achieved by 

maximizing the minimum determinant of the code distance matrix. Following Tarokh's 

work, much research efforts have been made to develop powerful space-time codes [48]-

[54] using different design criteria and improved algorithms.  

The family of space-time codes includes STTCs [48]-[52] and space-time block codes 

(STBCs) [53]-[54]. In STBCs, the encoding and decoding processes are performed for 

blocks of transmission symbols. The beauty of STBC is its simplicity, i.e. it can provide 

full diversity with a linear maximum-likelihood decoding.  

Alamouti in [55] presented first space-time block coding scheme. Alamouti presented 

a basic two transmit antenna diversity scheme which has a remarkably low decoding 

complexity. The performance of CDMA systems based on Alamouti scheme was 

evaluated in mobile fading channels by Zhu et al. [56]. Because of the simplicity in the 

structure of STBCs, WCDMA and CDMA-2000 standards and fixed point digital signal 

processing [57] have been implemented using STBCs.  

Tarokh et al. [54] extended the Alamouti scheme for more than two antennas at the 

transmitter by designing orthogonal space-time block codes (OSTBCs). OSTBCs are 

characterized by a code matrix whose columns are orthogonal to each other. OSTBCs are 
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popular for providing full transmit diversity and low decoding complexity. It has been 

shown in [54] that the systems using more than two transmit antennas and real signal 

constellations, OSTBCs can provide full rate. While for the systems using the complex 

signal constellation, OSTBC can provide full rate for two transmit antennas only.  

Tarokh’s work in [54] was extended by Su et al. [58] by presenting modified OSTBCs 

to provide full rate for the systems using the complex signal constellation and random 

number of the transmit antennas. Research community further improved OSTBCs in [59]-

[62] and presented different methods for analyzing the performance of OSTBCs. In an 

example, the performance analysis of OSTBCs based on the channel capacity was 

presented in [61] and in another example, closed form of the pair-wise error probability 

(PEP) of OSTBCs for different fading channels was presented in [62]. 

The perfect orthogonality concept in OSTBCs was relaxed by another type of STBCs 

referred to as quasi orthogonal space-time block codes (QOSTBCs) [63]-[66]. QOSTBCs 

are designed for the systems having more than two transmit antennas to provide higher 

data rates than OSTBC but at the expense of increased decoding complexity. It has been 

shown that concatenating OSTBCs with convolutional codes, turbo codes, and trellis code 

[67] can further improve the performance of the OSTBCs.  

Another family member of STBCs is super-orthogonal space-time block codes 

(SOSTBCs) [68]-[72] which can provide full diversity and coding gain. The coding gain 

in SOSTBCs is achieved by integrating trellis codes with space-time block codes. 

However, this integration results in reduction of data rate.  

A number of other families of STBC have been also proposed for improved 

performance. For example, square matrix embeddable STBCs [73] are based on a square 

matrix of a complex symbol constellation. The simulation results have shown that that the 

coding gain of these codes increases exponentially with increase in the number of 
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transmit antennas. Another family member called algebraic STBC [74], [75] provides the 

full diversity and uses the sphere decoding [76] for providing low decoding complexity. 

In this thesis, the main concentration has been focused on using STTCs [47] [77], [78] 

which are designed based on combination of the modulation, spatial diversity, and error 

control coding to mitigate the fading in the wireless channel. In this scheme, the 

information and redundant symbols are distributed to a set of transmit antennas in 

different time intervals to achieve correlation between the temporal and spatial 

dimensions. STTCs provide not only a substantial improvement in the diversity gain and 

spectral efficiency but also offer the coding gain for the signals transmitting over the 

wireless fading channels.  

So far, there has been a lot of research to develop different design criteria for STTCs. 

Tarokh et al. [47] proposed the well-known design criteria, referred to as rank and 

determinant criteria, for minimizing the upper bound of PEP. The rank and determinant 

criteria is mostly used at high SNR for the systems having a small number of receive 

antennas. The rank criterion states that the maximum diversity gain is achieved by 

maximizing the minimum rank of a code distance matrix, while the determinant criterion 

states that the maximum coding gain is achieved by maximizing the minimum 

determinant of the code distance matrix.  

Alternatively, the Euclidean distance criterion was presented by Chen et al. in [78], 

which states that the minimum squared Euclidean distance of the code distance matrix 

can be used to design the optimum STTCs. The Euclidean distance criterion is used when 

the diversity gain is more than four. It was further found by Tao and Cheng [79] that the 

Euclidean distance criterion should be used at moderate and low SNR for the systems 

having large number of receive antennas.  

All the different design criteria derived for STTCs aim to optimize diversity gain and 
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coding gain. It has been shown that these design criteria are dependent on a number of 

parameters such as the number of antennas at the transmitter and receiver, cardinality of 

the employed modulation scheme, and whether a computer search is required to design 

the optimum STTCs. Based on these popular design criteria, several powerful STTCs 

[80], [81] have been designed using different computer search techniques.  

To simplify computer search complexity, some systematic code design algorithms 

have been proposed. Banerjee and Agrawal [77] presented simple design rules to 

construct a generator matrix for designing STTCs for arbitrary number of transmit 

antennas. In their seminal work, they showed the reduction in the code search complexity 

to a large extent.  

Although, Tarokh et al. [47] proposed the performance analysis of STTCs by 

minimizing the upper bounds of the PEP, several tighter bounds of PEP [82]–[85] and 

exact PEP [86], [87] were also presented in the research onwards. 

Generally, the design criteria for STTCs in the quasi-static channels are different than 

the design criteria for STTCs in the rapid fading channels. Although STTCs designed for 

the rapid fading channels are few, the performance analysis of STTCs in rapid fading 

channels has attracted lots of research interests. Some of the design criteria for designing 

STTCs for the rapid fading channel have been presented in [88]-[91].  

Liao and Prabhu [92] presented improved design criteria for STTCs in fast fading 

channels using a union bound analysis and showed that the performance of STTCs in the 

fast fading channels, at high SNR, is governed primarily by symbol Hamming distance, 

while the performance of STTCs in the fast fading channels, at the low SNR, is governed 

by the minimum Euclidean distance. 

Another family of space-time coding is distributed space-time coding (DSTC). DSTC 

[93]-[97] has been presented for cellular mobile devices and ad hoc mobile networks 
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where practicality of using the multiple antennas is not possible. DSTC utilizes 

cooperative diversity as a substitute of multi-antenna transmission schemes for 

optimizing the spectral and power efficiency of wireless systems. In the cooperative 

diversity, the source nodes transmit the signals to partner nodes which further relay the 

signals to other partner nodes. Distributed space-time codes are designed by rank and 

determinant criteria [47] by making the code distance matrix delay tolerant. The PEP for 

distributed space-time codes have been analyzed in [98]-[101] and it was found that the 

performance of DSTC depend on a metric similar to the Euclidean distance.  

Another class of STTCs is recursive STTC (RSTTC) [102], [103] which serve as an 

internal code for concatenation with other codes. The main advantage of RSTTCs is that 

they provide flexible high data rate. The simulation results showed that the data rate of 

RSTTCs can be adjusted by varying the number of recursive convolutional codes, the 

coding rate of each recursive convolutional codes, the modulation scheme, and the 

number of transmit antenna.  

The major limitation of STTCs is that there is an exponential increase in the decoding 

complexity with increase in the size of constellation. This drawback of STTCs limits the 

attainable data rates using STTCs. Foschini [44] presented a layered space-time (LST) 

scheme in which the decoding complexity increases linearly with the increase in data rate. 

A number of LST architectures have been presented based on the usage of error control 

coding. For example, vertical Bell Laboratories layered space-time (VBLAST) technique 

[104] in which the input information sequence is de-multiplexed into sub-streams and 

each of them is modulated and transmitted from a transmit antenna. It has been shown 

that the data capacity of the wireless system using VBLAST scheme increases with the 

increase in number of antennas. Following this, more researches [105]-[107] have 

exploited the combination of LST coding and other signal processing techniques.  
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1.5 EFFECTS OF CHANNEL STATE INFORMATION ON SPACE-TIME 

CODING 

Throughout the development of space-time codes, the researchers have focused on the 

idealistic assumption that the perfect CSI is available only at the receiver. However, 

practically, the perfect CSI cannot be made available due to errors in the channel 

estimation. To overcome this problem, either non-coherent detection methods, where no 

CSI is needed at the receiver, or channel estimation techniques are used to design space 

time codes.  

Non-coherent differential modulation schemes were presented in [108] and [109]. 

However, it was shown that there is a performance loss with the non-coherent differential 

modulation schemes. To achieve satisfactory performance with the non-coherent 

differential modulation schemes, it is required that the channels should remain constant 

for a sufficient long time duration.  

Although the channel estimation techniques are well understood for single-input 

single-output (SISO) systems [110], however the channel estimation schemes for MIMO 

systems [111], [112] are difficult to implement because of an additional spatial dimension 

required for estimation of channels for MIMO systems. In addition to the difficulties of 

MIMO channel estimation, the performance analysis and code design of STTCs over 

MIMO systems with channel estimation errors are even more challenging. The 

performance analysis of STTCs with imperfect channel estimation of the quasi-static 

fading channel has been presented in [113] and [114].  

The most of the space-time coding schemes mentioned above are for open-loop 

systems. It has been shown that closed loop systems [115]-[118] which use the CSI at the 

transmitter provide better performance than open-loop systems. The CSI at the transmitter 

can be utilized in a number of ways. For example, using the CSI, the transmitter can 
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employ strategies such as adaptive coding, code selection, beamforming, and transmit 

antenna selection for providing improvement in the performance of the wireless systems.  

1.5.1 Use of CSI at the Transmitter for Antenna Grouping 

MIMO wireless communication systems use the multiple antennas at the transmitter 

and receiver to increase the reliability of the communication, data rate, and spectral 

efficiency. However, increasing the number of antennas at the transmitter and receiver 

beyond a particular limit does not improve the performance significantly. Moreover, there 

will be an increase in the cost and complexity of the systems on increasing the number of 

antennas. So, this motivates the use of selection diversity in MIMO systems.  

Antenna selection [119]-[121] is a powerful signal processing technique used in 

wireless systems with multiple antennas at the transmitter and receiver. The main 

advantage of the antenna selection is that it decreases the system cost, reduces the 

computational complexity, and preserves the diversity of the system. In the antenna 

selection technique, a subset of antennas is optimally selected from a large number of 

antennas. An exhaustive search is performed on all possible combinations of the antennas 

so that the selected combination provides minimum error.  

Two types of antenna selection criteria have been presented for selecting the antennas 

in MIMO systems. First one is capacity based criteria [122]-[124] in which the antennas 

that maximize an upper bound of channel capacity are selected. The second one is 

performance based criteria in which the antennas that maximize the SNR of the received 

signals [119] and minimize the error probability [125] are selected.  

The selection of antennas can be performed at both the receiver and the transmitter. In 

receive antenna selection (RAS) [126]-[130], a subset of the receive antennas are selected 

at the receiver to reduce the number of radio-frequency chains required at the receiver, 

thereby, saving the cost of the system significantly. In transmit antenna selection (TAS), a 
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subset of the transmit antennas that provide best performance in the wireless fading 

channel is selected for transmission of the signals. RAS is an open-loop scheme whereas 

TAS is a closed loop scheme performed based on feedback from the transmitter.  

A single transmit antenna selection scheme using maximal-ratio combining (MRC) 

has been presented in [131] and [132] to maximize the SNR at the receiver. Another 

scheme referred to as the TAS/STBC scheme [133], [134] in which two transmit antennas 

that maximize the SNR at receiver, are selected for transmission of STBCs. Similarly, in 

TAS/STTCs scheme [135], two transmit antennas which maximize the SNR at the 

receiver are selected for transmission of STTCs.  

Narasimhan [136] presented an antenna selection scheme in which a subset of 

transmit antennas is selected for VBLAST systems operating in correlated wireless fading 

channels. Narasimhan presented that for a given spectral efficiency, the transmit antennas 

and the signal constellations are selected to maximize the SNR at the receiver. 

Narasimhan further presented that for a given SNR, the transmit antennas and signal 

constellations can be selected to maximize the data rate.  

Yuan [137] assumed partial CSI at the transmitter for adaptive selection of a number 

of transmit antennas, and their corresponding space-time codes for transmission. Yuan 

further derived criteria for minimizing the probability of error for the space-time coded 

system with adaptive antenna selection over slow Rayleigh fading channels.  

Tarokh et al. [138] presented grouping of the transmit antennas by partitioning 

available transmit antennas into smaller groups to increase the data rate over wireless 

channel. Each group of transmit antennas transmits a separate space-time code which is 

decoded by using a linear array processing technique and suppressing the signals 

transmitted by other groups of the transmit antennas. This grouping of transmit antennas 

for space-time coded systems improves the reliability and increases the data rate for the 
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signals transmitting over the wireless fading channels.  

Another antenna grouping technique was presented by Huang et al. [139] in which the 

transmit antennas are adaptively grouped by selecting the optimum transmit antennas 

according to the CSI. The antenna grouping is determined at the receiver and an index 

from a predetermined codebook is sent to the transmitter for grouping the transmit 

antennas. The main advantage of this antenna grouping is that it requires a very small 

amount of feedback and therefore, the grouping is performed with minimal complexity. 

Adaptive modulation [140], [141] and beamforming [142]-[146] in combination with 

antenna grouping are other key areas of research which are utilized for increasing the data 

rates and decreasing the error rates of wireless communication systems.   

1.5.2 Use of CSI at the Transmitter for Beamforming 

Beamforming is a signal processing technique for providing directional transmission 

or reception of the signals. It is achieved by multiplying the signals with beamforming 

coefficients to adjust the magnitude and phase of the signals in such a way that the signals 

in particular direction experience constructive interference while other signals experience 

destructive interference. Hence, the beamforming emphasizes the signals in a particular 

direction while attenuates the signals in other directions. It has been shown that the 

beamforming improves the spectral efficiency, decreases the outage probability, and 

improves the error performance. 

Many different beamforming techniques have been presented for different wireless 

systems that use different coding techniques. For example, the beamforming techniques 

for uncoded systems have been presented in [142]-[146] while beamforming techniques 

for the space-time coded systems have been presented in [147]-[153]. The beamforming 

techniques for the space-time coded systems are mainly implemented using CSI at 

transmitter. The combination of STBCs and the beamforming presented in [147]-[150] 
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has shown that diversity gain and beamforming gain can be achieved by using the 

beamforming.  

The application of beamforming has been extended to STTCs and it has been shown 

that the optimum allocation of power at the transmit antennas can be done by using the 

CSI at the transmitter. However, implementation of the beamforming strategies for 

STTCs using the CSI is not straightforward and presents a number of challenges. The 

design of adaptively weighted space-time trellis codes [154] has been presented by 

combining the STTCs with a beamforming scheme using the CSI at the transmitter. It has 

been shown that these codes provide significant improvement in the coding gain.  

The dynamic allocation of the transmit power across two transmit antennas has been 

presented in [155] based on the partial CSI at the transmitter. However, the beamforming 

coefficients in [155] are not optimal for a large number of states and more than two 

transmit antennas.  

Santoso et al. [156] extended this work and presented a novel beamforming strategy 

for an arbitrary number of transmit antennas. Santoso et al. designed STTCs with 

dynamic transmit power allocation (STTCs/DTPA) using the partial CSI at the 

transmitter. In this strategy, the transmitter selects the two best transmit antennas and 

dynamically distributes power among the selected two transmit antennas. The simulation 

results have shown that a high diversity order, optimum coding gain, and weighting gains 

can be achieved using STTCs/DTPA with minimum decoding complexity at the receiver. 

Li et al. [157]-[159] presented the performance analysis of weighted STTCs 

(WSTTCs) for fast fading channels. Li et al. proposed a new design criterion and 

presented an improved PEP upper bound for WSTTCs. The simulation results have 

shown that WSTTCs attain not only the full diversity order and significant coding gain 

but also improve the SNR at receiver in comparison to the standard STTCs. 
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1.5.3 Use of CSI at the Transmitter for Code Selection 

The primary motivation of using the antenna selection in MIMO systems was a strong 

necessity for increasing the diversity, coding gain, and reducing the hardware cost. 

However, the main limitation of the antenna selection techniques is that the space time 

codes remain same and do not change with the CSI. Recent research has emphasized on 

the selection of space-time codes to further optimize the performance of space coded 

systems.  

Mavares et al. [160] presented a space–time code selection (STCS) scheme which 

selects the space-time codes for the selected antennas based on the comparison of 

equivalent SISO channel envelopes with a set of predefined threshold levels. Using this 

code selection scheme, the transmission of space-time codes is adapted to the CSI at the 

receiver. This code selection scheme has shown an improvement in the performance at 

the cost of marginal increase in the decoding complexity. 

Liu and Jafarkhani [161] presented selection of inner codes for concatenation with 

outer codes using the channel phase feedback at the transmitter. This code selection 

scheme is easy to implement with low decoding complexity and provides an improved 

peak to average power ratio at the receiver.  

Celebi et al. presented a STBC selection method [162] in which full rate balanced 

STBCs are selected using partial CSI at the transmitter. This STBC selection approach 

increases SNR at the receiver in comparison to Alamouti’s scheme with the antenna 

selection. An adaptive selection of STBCs [163] based on the perfect CSI has shown 

increase in the received SNR at the destination. Ginige et al. [164] presented dynamic 

code selection technique to optimize peak-to-average-power ratio of a CDMA system.  

Blanz and Schotten [165] presented dynamic space-time coding in which a codeset 

having optimum generator sequences is selected that matches best with current CSI at the 
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transmitter. Teran et al. [166] presented a constant-rate space-time code selection 

technique in which the selection of both the space-time codes and the number of transmit 

antennas is performed using four bits of the feedback information. The simulation results 

have shown that this technique increases the spectral efficiency with a slight reduction in 

performance. The major advantage of this code selection technique is that it makes BER 

performance almost independent of the relative velocity between the transmitter and the 

receiver. 

1.6 COMBINATION OF MULTILEVEL CODING AND SPACE-TIME CODING  

Tarokh et al. in their inspirational work [47] initially presented producing powerful 

and high data rate space-time codes using the combination of multilevel coding with 

space-time codes. A multilevel coding scheme is presented using a 8-phase shift keying 

(PSK) signal constellation and three transmit antennas to provide a data rate of 5bit/s and 

diversity order of two. The encoding of the information bits is performed by partitioning 

the 8-PSK constellation into multiple levels and using a simplified decoding at the 

receiver. However, there is a loss of performance due to the simplified decoding because 

of magnification of error coefficient in the simplified coding. The drawbacks of this 

multilevel coding scheme motivated for alternative multilevel space-time coding 

strategies that can provide high data rates with minimum number of errors. 

Since then many strategies [167]-[170] have been presented for combining the 

multilevel coding and different error correcting codes to improve the data rate and error 

performance. Lampe [167] presented space-time multilevel coding using a binary 

partition of two dimensional constellations and using STBCs as component codes for 

systems having a single transmit antenna and a single receive antenna. Yuan et al. [168], 

[169] presented the concatenation of MLC with OSTBCs to reduce the errors in Rayleigh 

fading channel. Both the distance-based and capacity-based approaches were considered 
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for choosing the component codes.  

Woerz and Hagenauer [170], [171] proposed multilevel codes based on the 

combination of convolutional codes and block codes in the different levels. The 

multistage decoding was improved by including the reliability information from the 

previous stages.  

Martin et al. [172], [173] proposed space-time multilevel codes (ST-MLCs) using a 

multi-dimensional constellation partitioning scheme [174]. A 2Nt dimensional real 

constellation was partitioned such that each component code span Nt transmit antennas. A 

space-time multistage decoder (ST-MSD) was developed to reduce the decoding 

complexity. Martin et al. further compared the performance of the ST-MLCs with turbo 

codes and showed that their performance is much superior to turbo codes. 

Oruc et al. [175] presented a combination of multilevel coding technique with full-

diversity, full-rate super-orthogonal space-time trellis codes (SOSTTCs) for two-transmit 

and two receive antenna systems over fast Rayleigh fading channels. The simulation 

results have shown that this scheme provides high coding gains and improvement in error 

performance in comparison with the conventional SOSTTCs.  

Chih [176] presented the construction of multilevel space-time codes by combining 

several component STBCs with set partitioning of an expanded signal constellation. Tee 

et al. [177] presented a sphere-packed multilevel-coded (SP-MLC) modulation technique 

which combines multilevel coding with STBCs to improve the diversity gain. This 

technique captures time and space diversity using a multi-dimensional sphere packed 

modulation and maximizes the coding gain by optimally detecting the sphere packed 

modulated symbols.  

Chui and Calderbank [178] and Diggavi et al. [179] presented multilevel diversity 

embedded space-time codes for parallel MIMO channels (e.g. MIMO-OFDM channels). 
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It was shown that these diversity embedded space-time codes provide an improvement in 

diversity and peak SNR for video broadcasting in WiMAX. 

Ma [180] presented multilevel space-time codes based on the combination of MLC, 

STBCs, and spatial modulation (SM). The partitioning of an expanded transmission 

matrix was presented based on a distance criterion for mapping the component STBCs. It 

was shown that for the same spectral efficiency and the same space diversity order, the 

performance of this scheme is much superior to conventional STBC-SM scheme.  

Many researchers have also focused on the combination of MLC and STTCs because 

of the limitations of STTCs. The main limitation of STTCs is an exponential increase in 

the decoding complexity at high data rate. The complexity of STTCs increases 

exponentially with increase in the size of constellation, number of transmit antennas, and 

states in the code trellis. To address these issues, an alternative transmission scheme was 

required that combines MLC and STTCs to provide high data rate with manageable 

decoding complexity.  

The MLC and STTCs combined in [181] provide a promising alternative to the 

currently available STTCs, which has advantages of STTCs without having the 

disadvantages of high complexity. Multilevel space-time trellis codes (MLSTTCs) have 

been designed by using multiple STTCs as component codes in multilevel coding. 

MLSTTCs provide not only improvement in spectral efficiency but also improvement in 

diversity and coding gain.  

The spectral efficiency of MLSTTCs has been further improved by GMLSTTCs 

[182]. GMLSTTCs provide improvement in spectral efficiency of MLSTTCs by 

transmitting more than one symbol per time slot. The increase in transmission of symbols 

per time slot is achieved by grouping the transmit antennas and using separate component 

STTCs for each group of the transmit antennas.  
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MLSTTCs and GMLSTTCs use CSI at the receiver only. Sharma in his pioneer work 

[183] presented weighted multilevel space-time trellis codes (WMLSTTCs) designed by 

combining beamforming and MLSTTCs. In WMLSTTCs, the transmit power is 

dynamically allocated to the transmit antennas by using the beamforming coefficients that 

are calculated based on the CSI at the transmitter. The simulation results have shown that 

the performance of WMLSTTCs is superior to MLSTTCs. 

1.7 PROBLEM FORMULATION 

The desire to communicate from anywhere and at any time has increased the demand 

for high speed and reliable data communication. This demand for the high data rate and 

reliability has made the research in the wireless communications an interesting and 

challenging field. The spectrum or bandwidth is often limitedly allocated to the service 

provider and there is a slow increase in the allotment of new spectrum to the service 

provider. The electronic devices are generally small in size and consume little power to 

conserve battery life. Thus, the design engineers for wireless systems face a two-fold 

challenge: one is to increase the data rates with less number of errors and second is to 

improve power and bandwidth efficiency of the wireless systems.  

The main obstacle to accomplish both the challenges is random and unpredictable 

nature of the wireless channel. The signal propagating through free space is attenuated 

due to absorption, reflection, and scattering of the signal by the objects in the 

environment. The relative movement of objects and mobile devices are other causes of 

severe attenuation in the signal. These attenuations in the signal substantially decrease the 

strength of the received signal and therefore degrades the performance of the wireless 

systems significantly. 

In order to support high bit rates and good error performance in the fading channels, 

research efforts have been carried out to develop efficient transmission schemes using 
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different coding and modulation techniques. Space-time trellis coding is presented as 

unique coding scheme that integrates channel coding and modulation using transmit 

diversity and receiver diversity. This scheme provides better performance by improving 

the data rate and the reliability of communication over fading channels.  

In spite of the advantages of STTCs, the design engineers are reluctant to use STTCs 

in modern high data rate wireless communication systems due to their inherent 

disadvantages of high complexity at high data rates. Multilevel coding is a technique 

which has been designed to significantly increase the spectral efficiency, but the 

multilevel signals have a disadvantage that they are easily corrupted by noise in the 

communication channel. Therefore, multilevel signals are combined with different error-

correcting schemes to provide reliable communication at high data rates.  

Multilevel coding when combined with STTCs presented an efficient alternative to 

STTCs, which provide advantages of STTCs such as improved diversity and coding gain 

without having the drawbacks of STTCs such as search complexity and decoding 

complexity. For example, MLSTTCs and GMLSTTCs have been presented to choose any 

desired balance between code performance, complexity, and throughput.  

MLSTTCs and GMLSTTCs consider the CSI at the receiver only and do not consider 

the CSI at the transmitter. MLSTTCs and GMLSTTCs use predefined component STTCs, 

static antenna grouping, and equal power distribution across the transmit antennas which 

limits the performance of MLSTTCs and GMLSTTCs. Therefore, there is a strong need 

to improve the performance of MLSTTCs and GMLSTTCs using the CSI at the 

transmitter. In this research work, the efforts have been made to improve the performance 

of MLSTTCs and GMLSTTCs by dynamic selection of component STTCs, adaptive 

antenna grouping, and beamforming with the help of CSI at the transmitter. 
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1.8 RESEARCH OBJECTIVES 

In the light of aforementioned aspects, the research objectives for the investigation are as 

follows: 

1. To design optimum dynamically grouped multilevel space-time trellis code for 

improved performance.  

2. To analyze the proposed STTC scheme for quasi-static channel with CSI at the 

transmitter. 

3. To simulate the proposed STTC. 

4. To evaluate and compare the performance of proposed STTC with existing STTC. 

1.9 THESIS OUTLINE 

The thesis will be organized in six chapters. The details of the contents of each chapter of 

the thesis are as follows 

• Chapter one presents introduction, motivation for research, problem formulation, 

objectives of the thesis, and organization of the thesis. An exhaustive literature 

survey about the different space-time coding schemes, multilevel coding schemes, 

and codes designed by combination of multilevel codes and space-time trellis 

codes has been conducted in this chapter. This chapter describes various 

techniques and algorithms presented in the literature for code selection, antenna 

grouping, and transmission weighting for improving the performance of space-

time codes.  

• Chapter two presents performance evaluation of the existing space-time codes in 

quasi-static Rayleigh fading channel. This chapter describes the quasi-static 

Rayleigh fading channel model, generic model for multilevel coding, design and 

performance analysis of STTCs using the rank and determinant criteria as well as 

trace criterion. 
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• Chapter three describes the effect of dynamic code selection on the performance 

of STTCs, MLSTTCs and GMLSTTCs. This chapter presents design and analysis 

of DSTTCs using the CSI at the transmitter. A code set selection algorithm is 

proposed here for the dynamic selection of generator sequences. DSTTCs are 

applied in the multilevel coding to design MLDSTTCs and GMLDSTTCs. The 

performance comparison of STTCs vs DSTTCs, MLSTTCs vs MLDSTTCs, and 

GMLSTTCs vs. GMLDSTTCs is shown by varying the number of receive 

antennas. 

• Chapter four describes the effect of adaptive antenna grouping on the performance 

of GMLSTTCs. An adaptive antenna grouping algorithm is proposed here for the 

adaptive grouping of transmit antennas. In this chapter, the emphasis is on design 

of AGMLSTTCs and performance comparisons of AGMLSTTCs with 

GMLSTTCs by varying the number of receive antennas. 

• Chapter five describes the effect of beamforming on the performance of 

GMLSTTCs. This chapter presents combination of adaptive antenna grouping and 

transmission weighting with GMLSTTCs to improve the performance of 

GMLSTTCs. Here, the focus is on design and analysis of WAGMLSTTCs and 

performance comparisons of GMLSTTCs, AGMLSTTCs, and WAGMLSTTCs 

by varying the number of receive antennas. This chapter further presents 

performance analysis of the codes designed by the combination of GMLSTTCs, 

dynamic code selection, adaptive antenna grouping, and beamforming.  

• Finally, the chapter six sums up the research work. Further, a brief description 

about the future work/scope has been presented as a motivational seed for the 

germination of research work. The thesis concludes with the research publications 

as well as the list of references found useful during the course of investigation. 
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1.10 SUMMARY OF THE CHAPTER 

This chapter acts as a capsule for the motivation of the thesis. An exhaustive literature 

survey has been presented for the multilevel coding techniques, space-time coding 

techniques, and the effects of the CSI on these techniques. Based on this, the objectives of 

thesis have been identified, in which the main motive is to improve the performance of 

the multilevel space-time coded communication system by using CSI at the transmitter. In 

the next chapter, the performance of existing space-time trellis codes has been evaluated 

which will be used for designing the proposed codes. 
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CHAPTER 2 

MULTILEVEL CODING AND SPACE-TIME TRELLIS CODING

 

2.1 INTRODUCTION 

Imai and Hirakawa [4] introduced the concept of the multilevel coding using the several 

error correcting codes which provide flexible data transmission rates and improvement in 

bandwidth efficiency of the AWGN channel. In the multilevel coding technique, the 

modulation and error correcting codes are combined to construct a complicated code. The 

input data stream is partitioned in a plurality of sub-streams which are encoded using 

respective encoders to generate the simple component codes. Each component code is 

mapped to channel symbols from a predetermined signal constellation for transmission 

over a communication channel. The channel symbols are selected by partitioning the 

predetermined signal constellation successively into subsets until the subsets contain a 

single constellation point. The major benefit of employing the multilevel coding 

technique is that it enables a design engineer to design a flexible system which can 

provide desired data rate, coding gain, and error performance.  

STTCs [47] [78] are designed based on the combination of modulation, spatial 

diversity, and error control coding to mitigate the fading in the wireless channel. In this 

scheme, the information and redundant symbols are distributed over time and a set of 

transmit antennas for achieving a correlation in temporal and spatial dimensions. STTCs 

provide not only a substantial improvement in diversity gain but also offer coding gain 

for the signals transmitting over the fading channels. In other words, STTCs improve the 

reliability and spectral efficiency of communication over the fading channels. 

In this chapter, a brief introduction has been provided for multilevel coding of 

information data stream and decoding of multilevel codes using a multistage decoder. A 



 

 

33 

  

comprehensive study and analysis of design criteria for STTCs are presented in this 

chapter. These design criteria are used to design optimum STTCs for different fading 

channels. These design criteria are in general formulated by analyzing the expressions for 

the pair-wise error probability of STTCs. The performance of STTCs adhering to the 

different design criteria are compared by simulations. This chapter provides the necessary 

context for the main work in this thesis. 

2.2 QUASI-STATIC RAYLEIGH FADING CHANNEL  

Rayleigh fading is a form of fading experienced by a signal propagating in an 

environment having a number of objects. The signal while propagting from the 

transmitter to the receiver takes multiple paths due to reflections, diffractions, and 

scattering of the signal by the objects. Due to these reflections, diffractions, and 

scattering, multiple replicas of the transmitted signal arrive at the receiver. These 

replicas superimpose over each other constructively or destructively to generate the 

resultant received signal. 

Figure 2.1: Multipath propagation 
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The Rayleigh fading model is used to analyse the fading channel when multipath 

propagation of the signal exist in the environment. In the Rayleigh fading model, the line 

of sight communication is not considered between the transmitter and receiver. The 

Rayleigh fading model is used to analyse and predict the performance of signals in 

cellular communication where there are multiple paths due to reflections, diffractions, 

scattering of the signals from buildings, vehicles, trees etc.  

Figure 2.1 shows that a radio signal travelling from the transmitter to the receiver 

takes multiple paths. The phase of the signal varies depending on the length of path 

travelled by the replicas. The resultant signal is defined by combining all the replicas of 

signal that reach at the receiver. These replicas of the signal are combined constructively 

or destructive i.e. when the received replicas are in same phase, then they are added and 

the strength of resultant signal is high. However, if the received replicas are in out-of-

phase, then the received replicas are subtracted and the strength of the resultant signal is 

low. Thus, the strength of resultant received signal varies when the replicas add or 

subtract based on their phases. 

Figure 2.2: Rayleigh fading channel model 

Statistically, in Rayleigh fading model, as shown in figure 2.2, the received signal is 

presented as the sum of faded signal and AWGN. The received signal can be expressed 

as 

���� 	� 	����	��� 	
 	����      (2.1) 
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where 	��� represents the transmitted signal, ����	represents the signal received by the 

receiver, n(t) represents the AWGN, and ���� represents the multipath Rayleigh fading 

coefficient. ����		is modelled as a complex Gaussian random variable which introduces 

random variation in the phase and random fluctuations in the amplitude of the 

transmitted signal.  

In the Rayleigh fading channel, the received signal corresponding to an impulse 

transmitted from the transmitter is given by a train of impulses of varying magnitudes 

received at different time intervals and is shown in figure 2.3. 

Figure 2.3: Impulse response of a multipath channel 

In the Rayleigh fading channel model with multipath propagation, each path is 

modelled as symmetric complex Gaussian random variable. When the number of the 

independent paths between the transmitter and receiver are very large, the central limit 

theorem states that in-phase and out-of phase components of the received signal are 

modelled as Gaussian random variables with zero mean and variance �
�. Therefore, a 

Rayleigh probability distribution, as shown in figure 2.4, is applied to the amplitude of 

the received signal. The phase of the received signal varies uniformly between −π and π. 

The probability density function (PDF) of Rayleigh distribution is given by  

���� � ���� �� ��
����						� � 0	  

										� 0																		� � 0       (2.2) 
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Figure 2.4: The PDF of Rayleigh distribution 

In the presented work, the quasi-static Rayleigh fading channel has been considered in 

which the fading coefficients remain constant during the transmission of each frame. The 

channel fading coefficients in the quasi-static Rayleigh fading channel change when the 

frame changes from one frame to another. In other words, according to the assumption of 

the quasi-static fading channel, the channel varies so slowly over one frame of 

information that it can be treated as constant for a frame and varies from one frame to 

other. 

2.3 MULTILEVEL CODING 

Multilevel coding is a technique used for providing flexible data transmission rates 

and improvement in bandwidth efficiency over the wireless fading channel. The input 

data stream is partitioned into a plurality of sub-streams which are then encoded using 

respective error correction techniques to generate simple component codes. Each 

component code is mapped to the symbols from an enlarged signal constellation by 

partitioning the signal constellation successively into subsets until the subsets contain 

only a single constellation point. The mapped symbols are then modulated and combined 

to construct complicated codes. The complicated codes referred to as the multilevel codes 

are transmitted over the communication channel. 
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2.3.1 Multilevel Encoder 

A block diagram of a system for multilevel coding of an information data stream is 

shown in figure 2.5. The system includes a multilevel encoder which comprises a set of M 

encoders ��, ��, …,��, for generating the M different binary error-correcting codes ��� � 
, ��� � ,… ��� � each of which is referred to as a component code. The information data 

stream is split into M sub-streams of information which are applied to respective encoders 

to generate the corresponding error correcting codes. For example, when the i th sub-

stream is applied to the i th encoder Ei, it generates the component code �"� �. 
 

 

 

 

 

Figure 2.5: General block diagram of a system for multilevel coding 

The generated codewords are mapped to symbols from an enlarged signal 

constellation. The mapped symbols are modulated by a desired modulation scheme e.g. 

quadrature phase shift keying (QPSK) or quadrature amplitude modulation (QAM). The 

modulated signals are then transmitted through the transmit antennas at the transmitter.  

The codewords are mapped by partitioning the enlarged signal constellation 

successively into subsets or clusters. The partition continues till each subset has a single 

signal point only. The main aim of the partitioning is to maximize the minimum 

Euclidean distance between the symbols of a subset. In general, the minimum Euclidean 

distance in the subsets increases from first subset down to the last subset.  
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Figure 2.6: Partitioning of 64-QAM constellation 

An example of partitioning of a 64-QAM constellation is shown in figure 2.6. As 

shown in the figure that at the first level, all constellation points are split into four sets, 

each set having sixteen points. At the second level, each set of sixteen points is split into 

four subsets such that each subset has four points. In this way, the subsets are further split 

till each subset contains only a single constellation point. The idea behind the partitioning 

is that the most significant information bits are mapped to the sets and the less significant 

information bits are mapped to the subsets.  

2.3.2 Multistage Decoder 

The decoding of the multilevel codes is performed by using a multistage decoder [21] 

at the receiver. Figure 2.7 shows the structure of multistage decoder in which the decoded 

output of first stage is passed to next stage for decoding of subsequent component code. 

As shown in figure 2.7, the first stage decoder decodes the codeword #�� �	which is then 

applied as input to next decoding stage. In this way, the decoded outputs corresponding to 
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code words #�� �, #�� �, … #���� �  are applied as input to final stage of the decoder to 

decode #�� �. 

Figure 2.7: Generic Structure for Multistage decoder 

The main advantage of the multistage decoder over the maximum likelihood decoder 

is that the complexity of the multistage decoder is proportional to the sum of the decoding 

complexity of each component code instead of the product in the maximum likelihood 

decoder. Another advantage of the multistage decoding is that it enables the design 

engineer to design a wireless system with flexible data rate, error performance, and 

desired coding gain.  

2.4 SPACE-TIME TRELLIS CODING 

Space-time trellis coding is a unique technique for designing codes based on 

combination of modulation, spatial diversity, and error control coding to mitigate fading 

in the wireless channel. In this scheme, the information and redundant symbols are 

distributed over time and a set of transmit antennas to achieve a correlation between the 

temporal and spatial dimensions. STTCs provide not only a substantial improvement in 

diversity gain and spectral efficiency but also offer coding gain for signals transmitting 

over the wireless fading channels.  
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The performance of STTCs is governed by different design criteria which allow 

designing STTCs for optimum performance over different fading channels. These criteria 

in general are formulated by analyzing the expression for pair-wise error probability of 

STTCs. These design criteria include rank and determinant criteria [47] for small 

diversity order and trace criterion [78] for large diversity order. 

2.4.1 System Model: STTCs 

A block diagram of a system model for space-time trellis coding is shown in figure 

2.8. The system comprises a transmitter having a space-time trellis encoder for encoding 

the input data stream and a receiver having a maximum likelihood decoder for decoding 

the received encoded information. The transmitter is having N transmit antennas and the 

receiver is having M receive antennas. The communication channel is considered as 

quasi-static fading channel and the CSI is assumed to be available at the receiver however 

assumed to be not available at the transmitter.  

 

Figure 2.8: System model for STTC modulation 
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2.4.2 STTC Encoder 

Figure 2.9 shows a STTC encoder for the system having N transmit antennas. The 

information data stream I is split in blocks of information sequences which are given by 

% � �%&, %�, %�. . . , % , . . . �        (2.3) 

where %  is a block of m input sequences at time t. %  is given by 

% � �% �, % �, % (, … . . , % )�        (2.4) 

The STTC encoder includes m feed-forward shift registers and a plurality of 

multipliers for multiplying the input sequences with corresponding encoder coefficients. 

The encoder coefficients are also referred to as generator sequences. Each input sequence 

is applied to one of the feed-forward shift registers. For example, the kth input sequence, 

%* � +%&*, %�*, %�*. . . , % *, . . . ,	is input to the kth shift register, where k = 1, 2, . . .m, and is 

multiplied with the generator sequences corresponding to the kth shift register. The 

outputs from all the multipliers in the shift registers are combined with each other giving 

the encoder output 	 � �	�, 	�, 	(, … . . 	-	�. 

Figure 2.9: STTC Encoder 
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The generator sequences used for multiplying the input sequences are given by 

.� � [�.&,�� ….&,-,� ), (.�,�� ….�,-,� )… (.0�,�� ….0�,-,� )]     (2.5) .� = [(.&,�� ….&,-,� ), (.�,�� ….�,-,� )… (.0�,�� ….0�,-,� )]    (2.6) .) = [(.&,�) ….&,-,) ), (.�,�) ….�,-,) )… (.0),�) ….0),-,) )]    (2.7) 

where .2,"*,  is a constellation point of the Mary QAM signal constellation, i = 1, 2, . . . , 3,  

j = 1, 2, . . . , νk, k = 1, 2, . . . , m, and νk is the memory order of the kth shift register. At 

time t, the STTC encoder output 	 " 	for transmit antenna i can be computed as 

	 " = 44.2,"* % �2*5*
26&

)
*6� 	789	:�;<																																																																																							(2.8)	

The encoded outputs		 �, 	 �, 	 (, … . . 	 -		form a space-time trellis coded symbol which is a 

3 column vector and is given by 

	 = (	 �, 	 �, 	 (, … 	 -)?        (2.9) 

where T represents the transpose of a matrix. N parallel outputs are transmitted 

simultaneously by N different antennas, whereby symbol 	 " , 1 ≤ i ≤ N is transmitted by the 

transmit antenna i. 

2.4.3 STTC Decoder 

The transmitted signal undergoes multipath fading while travelling from transmitter to 

receiver. The signal received by the receive antenna i is calculated by combining faded 

replicas of the signal received from the transmitter. At receive antenna i, the received 

signal is given by 

� " = 4ℎ"2 
-	
26� 	 2 +	� " 																																																																																																															(2.10)	

where � "  is the noise associated with the receive antenna i at time t, ℎ"2  is the path gain/ 

fading coefficient between the j th transmit and the i th receive antenna 1 ≤ j ≤ 3, 1 ≤ i ≤ :.  

The fading coefficients	ℎ"2  are zero mean and unity variance Gaussian random variables.  
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In matrix form, the signals received by the receiver having M receive antennas are 

given by 

ABB
C � �� �⋮� �EFF

G = AB
BCℎ�� ⋯ ℎ�- ℎ�� … ℎ�- ⋮ ⋱ ⋮ℎ�� ⋯ ℎ�- EF

FG ABB
C	 �	 �⋮	 -EF

FG 	+ 	 ABB
C� �� �⋮� �EFF

G
      (2.11) 

At the receiver, the space-time trellis coded symbols are decoded by a maximum 

likelihood sequence estimation (MLSE) decoder employing Viterbi algorithm. The 

Viterbi algorithm at the decoder is used for estimating the transmitted sequence of 

information. Each time the decoder receives an encoded symbol, it computes a branch 

metric using the Euclidean distance between each of the received symbol and all of the 

possible channel symbols that could have been transmitted. The branch metrics is given 

by  

44J� " − 4ℎ"2 
-

"6� 	 2J��
26� 																																																																																																	(2.12)	

The path having minimum branch metric is selected by the decoder as the decoded 

sequence.  

2.4.4 Performance Analysis of STTCs 

To analyze the performance of STTCs, each transmit antenna at the transmitter is 

assumed to transmit a data frame of l codewords. For example, the data frame of l 

codewords transmitted by 1st transmit antenna is given by 

	� = 	��, 	��, 	(� … . . 	L�         (2.13) 

Since the transmitter is having N transmit antennas, collectively the codewords 

transmitted by N transmit antennas can be represented as 

	 = (	��, 	��, 	�( … . . 	�- , 	��, 	��, 	�( … . . 	�- , … 		L�, 	L�, 	L(, … . . 	L-)      (2.14) 

A maximum likelihood decoder has been considered at the receiver. The decoder is 
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assumed to erroneously decode the transmitted codewords x as e which is given by 

� = (���, ���, ��( … . . ��- , ���, ���, ��( … . . ��- , �L�, �L�, �L(, … . . �L-)    (2.15) 

A codeword difference matrix, for calculating the difference between the each of the 

codeword transmitted from the transmitter and the corresponding codeword received with 

errors at the receiver, can be represented by 

M(	, �) = ABB
C ��� − 	�� ⋯ �L� − 	L���� − 	�� … �L� − 	L�⋮ ⋱ ⋮��- − 	�- ⋯ �L- − 	L-EF

FG       (2.16) 

A codeword distance matrix calculated using the codeword difference matrix is given by 

N(	, �) = M(	, �)MO(	, �)        (2.17) 

where MO(	, �) is the Hermitian of M(	, �). The codeword distance matrix is assumed to 

have a rank r. The eigenvalues of N(	, �) are calculated. 3-r eigenvalues of N(	, �)	are 

zero whereas the non-zero eigenvalues of N(	, �)	are denoted by λ1, λ2, λ3…. λr.  

Assuming that the perfect CSI is available at the receiver, the probability of 

transmitting 	 and determining an erroneous codeword e at the decoder is given by  

P(	, �|R = 1,2. . 3, S = 1,2, …:) ≤ exp	(−9�	(	, �)�
/43&)   (2.18) 

where N0/2 denotes the noise variance per dimension and  

9�	(	, �) = 44J4ℎ"2 (	 " − � ")-
"6� J�L

 6� 																																																																										(2.19)�
26�  

denotes the squared Euclidean distance. 

 It follows from the above equation that the PEP of transmitting x and receiving e is 

given by 

P(	 → �) ≤ (∏ λ");"6� �^_ ` a�b-cd�;^_
       (2.20) 

Based on the PEP, the design criteria are derived for designing STTCs to attain the desired 

improvement in the performance of the wireless system. 
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2.4.5 Design Criteria for STTCs Over Quasi-Static Rayleigh Fading Channel 

2.4.5.1 Rank and Determinant Criteria 

The rank and determinant criteria were introduced by Tarokh et al. [47] to design 

STTCs for providing the optimum performance. These criteria are proposed based on the 

rank and determinant of the codeword distance matrix N(	, �) . The rank criterion 

guarantees to attain the maximum diversity gain if the matrix N(	, �)  has full rank 

whereas the determinant criterion guarantees to attain the maximum coding gain by 

maximizing the minimum determinant of the matrix N(	, �) over all codewords.  

It is clear from equation 2.20 that the PEP decreases exponentially with increase in the 

SNR. Thus, the PEP at high SNRs mainly depends on the value of product of the 

minimum rank r and the number of receive antennas M over all possible codeword pairs. 

This product is denoted as r:	and is referred to as the diversity gain. In order to design the 

STTCs for providing minimum error rate, the minimum rank r of the matrix N(	, �) 
should be maximized. For the system having N transmit antennas, the maximum possible 

value of the rank r is N. Therefore, the maximum value of the product r: for the system 

having N transmit antennas is NM. Thus, the maximum diversity gain obtained using the 

rank criteria is given by NM.  

In addition, the PEP is minimized by maximizing the product of nonzero eigen values, 

i.e. the product of λi, i=1….r of the matrix A(x, e) should be maximized. The product of 

nonzero eigen values is given by the absolute value of the sum of determinants of all the 

principal r × r  cofactors of the matrix A(x, e). This criterion is referred to as the 

determinant criterion as it optimizes the coding gain by maximizing the minimum 

determinant of the matrix N(	, �) over all codewords. Therefore, for small values of �: 

(<4), the STTC design criteria for quasi-static Rayleigh fading channel can be summarized 

as: 
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i) Rank criterion: Maximize the minimum rank r of the codeword distance matrix 

A(x, e) over all pairs of distinct codewords to achieve maximum possible 

diversity gain. 

ii)  Determinant criterion: Maximize the minimum determinant of A(x, e) to achieve 

the maximum coding gain. 

2.4.5.2 Euclidean distance criteria/Trace Criteria 
The trace criterion was introduced by Chen et al. [78] for designing STTCs over 

quasi-static fading channel for wireless systems with large number of diversity branches 

(i.e. where r: ≥ 4). Normally, the number of diversity branches is large for wireless 

systems having a receiver with two or more than two receive antennas. As the number of 

diversity branches increases, there is a reduction in effect of fading and the quasi-static 

fading channel approaches to an AWGN channel. In the AWGN channel, the optimum 

performance is achieved by maximizing the minimum Euclidean distance between the 

codewords.  

Similarly, when the number of independent diversity branches is large, rM ≥ 4, the 

quasi-static fading channel approaches the AWGN channel and then the minimum 

Euclidean distance is used to optimize the performance of STTCs. Therefore, designing 

the optimum STTCs based on the Euclidean distance is referred to as the Euclidean 

distance criterion. The Euclidean distance criterion is applied to the systems where the 

number of receive antennas are two or more than two in contrast to the rank and 

determinant criteria which is applied to systems having a single receive antenna and a 

small number of transmit antennas.  

For large diversity gain, the upper bound for PEP is given by 

P�	 → �� ≤ 14 �	� e−�f �
43& 4 4  g�2" − 	2"g�L
26�

^h
"6� i                                                           �2.21� 
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where ∑ ∑ 	g�2" − 	2"g� = ��	N(	, �) 	= ∑ k";"6�L26�^h"6� , g�2" − 	2"g�  represents squared 

minimum Euclidean distance, and ��N(	, �)	represents the trace of the matrix A(x, e). 

It is clear from the above equations that the PEP decreases exponentially with increase 

in squared minimum Euclidean distance between the codewords x and e. The PEP at low 

SNRs mainly depends on the maximum value of squared minimum Euclidean distance. 

Thus, to minimize the error probability, the squared minimum Euclidean distance should 

be maximized or the minimum sum of all non-zero eigenvalues of matrix A(x, e) among 

all pairs of distinct codewords should be maximized. In other words, to minimize the 

error probability, the minimum trace of the matrix A(x, e) among all pairs of distinct 

codewords should be maximized. Therefore, Euclidean distance criterion is also referred 

to as the trace criterion. The Euclidean distance criterion for designing STTCs for 

systems having large diversity gain in quasi-static fading channels can be summarized as: 

i) Maximize the mimimum rank r of the codeword distance matrix A(x, e) over all 

pairs of distinct codewords such that rM ≥ 4.  

ii)  Maximize the minimum trace of the codeword distance matrix A(x, e) among all 

pairs of distinct codewords. 

2.4.6 Construction of 4-State QAM STTCs 

The encoder for constructing 4-state QAM STTC, as shown in figure 2.10, comprises 

two branches of the shift registers. The memory order of the upper and lower branch of 

the shift registers are v1 and v2, respectively. The input data streams  % �	 and 	% � are fed 

into the branches of the encoder. The input data stream in each branch is multiplied by 

corresponding generator sequence. The generator sequence for upper branch is given by 

�	l� , �	l�  and for lower branch is given by m	n� , m	n� , where �	l* 	, m	n* ∈ {0, 1,2,3}, k=1, 2, 

p=0, 1,…v1 and q=0, 1, …v2, v1+v2=v	and	the	number	of	states	is	2υ.		
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Figure 2.10: Encoder for 4-state QAM STTC 

The value of �* is calculated as 
v� � ������� � where k=1, 2         (2.22) 

The output of the encoder at time t is given by 

	 * � e4 % �l�0�
l6&  � l* 
 4 % �n�0�

l6&  m  �n* i  789 4                                                                �2.23�  
	 � ��9  	 � are transmitted simultaneously through the first and second transmit antennas.  

The figure 2.11 shows a trellis diagram of 4-state QAM STTCs. In the trellis diagram, 

QAM symbol 0, 1, 2, and 3 correspond to bits 00, 01, 10, and 11 respectively. The trellis 

diagram shows that the states are represented by dots on the left and right side of the 

trellis. The left side of the trellis shows a matrix listing possible output combinations and 

the right side of the trellis shows output of the current state. The connecting lines 

represent a possible transition with the input bits shown beside the line. The trellis is 

assumed to begin at state 1 and transitions from one state to other based on the input 

sequence. The trellis diagram shows multiple paths for reaching from state 1 to final state. 

The decoder always selects the path which has minimum branch metrics.  
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Figure 2.11: Trellis diagram for 4-state QAM STTC 

2.4.7 Performance evaluation of 4-State QAM STTCs    

The performance of the 4-state QAM STTCs is analyzed for two transmit antennas 

and 1/2/4 receive antennas. The simulation results have been presented to depict the 

performance of STTCs using the rank and determinant criteria and trace criterion. Each 

frame transmitted from the transmit antennas consists of 130 symbols. The channel is 

considered as a quasi-static Rayleigh fading channel and the perfect CSI is assumed to be 

available at the receiver. The simulation results are presented in terms of FER vs SNR.  

The performance of STTCs using the rank and determinant criteria is shown in figure 

2.12 and the performance of STTCs using trace criterion is shown in figure 2.13. It can be 

seen from the simulation results that there is a significant improvement in the 

performance of STTCs with an increase in number of the receive antennas. Further it can 

be noted that for two and four receive antennas, STTCs designed using the trace criteria 

outperforms STTCs designed using the rank and determinant criteria. 
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Figure 2.12: Performance comparison of 4-state QAM STTCs designed using the 

rank and determinant criteria  

 

Figure 2.13: Performance comparison of 4-state QAM STTCs designed using the 

trace criteria  
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2.5 SUMMARY OF THE CHAPTER 

In this chapter, the model and the characteristics of a quasi-static Rayleigh fading 

channel has been conferred. The quasi-static Rayleigh fading channel is considered for 

analyzing the performance of all the codes presented in this thesis. The multilevel 

encoding of an information data stream has been presented using simple component 

codes for providing high data transmission rate. A multistage decoder using the Veterbi 

algorithm has been used to decode the multilevel codes. 

A comprehensive design and performance analysis of STTCs has been presented by 

combining modulation, spatial diversity, and error control coding to mitigate fading in the 

wireless channel. The STTCs construction criteria have been described by analyzing the 

expressions for pair-wise error probability of the codes. These design criteria include rank 

and determinant criteria for small diversity order (rM < 4) and trace criteria for large 

diversity order (rM ≥ 4). The performance of the STTCs schemes adhering to these two 

design criteria have been compared by simulations.  

In this chapter, the perfect CSI has been assumed to be available at the receiver only 

without considering the availability of the CSI knowledge at the transmitter. In the next 

chapter, the efficient design of codes based on the combination of multilevel coding and 

STTCs is presented using the CSI at the transmitter for improving the error performance 

and the data transmission rate of wireless systems. 
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CHAPTER 3 

IMPROVEMENT IN PERFORMANCE OF MLSTTCs AND 

GMLSTTCs BASED ON DYNAMIC COMPONENT CODE 

SELECTION  

 

3.1 INTRODUCTION 

The main benefit of employing a multilevel coding technique is that it enables an 

engineer to design a flexible system which can provide desired data transmission rate, 

coding gain, and error performance. STTCs have been introduced to improve the 

reliability and spectral efficiency of communication over the fading channels. In-spite of 

the advantages of STTCs, the design engineers are seen to be reluctant to use STTCs in 

modern high data rate wireless communication systems due their inherent disadvantages 

of high complexity at the high data rates. Multilevel coding when combined with STTCs 

presents an efficient alternative to STTCs, which provide advantages of STTCs such as 

improved diversity and coding gain without having the drawbacks of STTCs such as high 

search complexity and decoding complexity at high data rate transmission. 

In this chapter, the design and performance analysis of MLSTTCs and GMLSTTCs 

have been presented by combining the MLC and STTCs. The system model used for 

designing MLSTTCs and GMLSTTCs are open loop where it is assumed that the perfect 

CSI is available at the receiver only and the transmitter has no knowledge of the CSI. 

MLSTTCs and GMLSTTCs consider that STTCs, used as the component codes, are 

predefined and do not change with the change in the channel conditions. 

To improve the performance of MLSTTCs and GMLSTTCs, the perfect CSI is 

assumed to be available both at the transmitter and the receiver. The transmitter is 
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assumed to receive the perfect CSI as a feedback from the receiver. In this chapter, the 

CSI at the transmitter has been used to choose a code set for generating dynamic STTCs. 

These dynamic STTCs change with the change in the CSI at the transmitter. These 

dynamic STTCs are used as component codes in the multilevel coding to generate novel 

codes which are referred to as MLDSTTCs and GMLDSTTCs respectively. The 

simulation results show that MLDSTTCs and GMLDSTTCs outperform over MLSTTCs 

and GMLSTTCs respectively.  

3.2 DESIGN AND ANALYSIS OF MLSTTCs 

MLSTTCs are designed by using STTCs as component codes in multilevel coding. 

MLSTTCs improve the coding gain, diversity gain, and increase the data rate 

significantly with linear increase in complexity in comparison to exponential increase in 

complexity in STTCs. Therefore, these codes serve as efficient and promising alternative 

to STTCs for providing high data rate communication.  

3.2.1 System Model: MLSTTCs 

MLSTTC system presented in figure 3.1 comprises a transmitter having N transmit 

antennas and a receiver having M receive antennas. The channel is assumed to exhibit 

quasi-static Rayleigh fading and the perfect CSI is assumed to be available at the receiver. 

The transmitter is having STTC encoders for encoding the input data streams and receiver 

is having a multistage decoder for decoding the received signal.  

3.2.2 Encoding of MLSTTCs 

At the transmitter, each STTC encoder receives a data stream, and performs space-

time trellis coding on the data stream. At each of the levels 1 to L, each STTC encoder 

use similar generator sequences to generate STTCs which are used as component codes 

for multilevel coding. The outputs from STTC encoders at level 1 to L are given by  
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Figure 3.1: System model for MLSTTCs 

�(1� � 	 �1��, 	 �1�� …	 �1�-       (3.1) 

���� � 	 ����, 	 ���� …	 ���-       (3.2) 

Each STTC used in multilevel coding is designed for a 4-QAM constellation using the 

trace criteria. The complex form of STTC output symbols, xt(1) to xt(L) is given by  

xt(l) = a + jb  a, b ε {1,−1}         (3.3) 

Collectively, the outputs from L levels, S(1),...S(L), are input into a symbol translator 

to generate N translated symbols. These translated symbols are denoted by  

��1� � 	 �1��, 	 �2�� …	 ����        (3.4) 

��3� � 	 �1�- , 	 �2�- …	 ���-       (3.5) 

In the translated symbols, the STTCs symbols generated by each encoder are mapped 

to Mary-QAM signal constellation using a constellation mapper. The translated symbols 

are mapped to the Mary-QAM signal constellation by using a multi-resolution modulation 

(MRM) partitioning technique which was introduced by Cover [35] and later improved 

by Fazel and Ruf [36]. The Mary-QAM constellation is partitioned into L levels such that 
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Mary = 4L. Since there are L levels of partition, L component codes are used for encoding 

the information data stream. 

An example of MRM partitioning of a 64-QAM constellation is shown in figure 3.2. 

As shown in the figure that at the first level, all the constellation points are split into four 

sets each having sixteen points. Each set is considered as a 16-QAM constellation. In the 

second level, each set of sixteen points is split into four subsets of four points. Each 

subset is considered as 4-QAM constellation. In this way, the subsets are further split till 

each subset contains only a single constellation point. The minimum Euclidean distance 

between two sets is more in comparison to distance between two subsets. The main use of 

the MRM partitioning is that the most significant information bits are mapped to the sets 

and the less significant information bits are mapped to the subsets. The major 

advantage of using MRM is that it allows using 4-QAM STTCs for constellation 

mapping. 

Figure 3.2: Constellation Partitioning Strategy used in MLSTTCs 
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Elaborating the constellation mapping further, the output of encoder S(1) in the 

translated symbol is mapped to centroid of the sets and the output of encoder S(2) is 

mapped to centroid of subset and so on with output of S(L) is mapped to the actual 

constellation points. In other words, the most significant coded bits in the translated 

symbols i.e. 	 (1)" corresponding to S(1) are mapped to the sets and the lower significant 

bits 	 (2)" corresponding to S(2) are mapped to subsets and finally the least significant 

bits 	 (�)" corresponding to S(L) are mapped to actual constellation points.  

The mapped symbols are transmitted from the transmit antennas. The symbol 

transmitted from jth transmit antenna at time t is represented by 

� 2 = 9�	 (1)2 + 9�	 (2)2 …+	9�	 (�)2      (3.6) 

where j = 1... N, and d1... dL are the subset distances associated with 	 (1), ...			 (�)	as 

shown in figure 3.2. 

3.2.3 Decoding of MLSTTCs 

The transmitted signals while travelling from transmitter to receiver are corrupted by 

Rayleigh fading. The faded and noisy signal received at receive antenna i is given by 

� " = ∑ ℎ"2 -26� � 2 +	� "         (3.7) 

Substituting the equation 3.6 in equation 3.7  

� " = ∑ ∑ ℎ"2 -26��L6� 9L		 (�)2 +	� "         (3.8) 

The received signal is decoded by a multistage decoder as shown in figure 3.3. The 

multistage decoder uses the Viterbi algorithm to derive branch metrics for each stage. 

The decoding starts with estimating the least significant bits corresponding to 

component code S(L) by maximizing the likelihood function using the Viterbi 

algorithm. The estimated values of the component code S(L) +	� (�), are applied as 

input to the next decoding stage L-1 to estimate the values of component code S(L-1). In 

this way, the estimated values of component codes S(L) to S(2) are used by the decoder 
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at stage 1 to estimate the values of most significant bits corresponding to component 

code S(1).  

 
 

 

 

 

 

 

 

 

 

 

Figure 3.3: Multistage decoder for MLSTTCs 

3.2.4 Branch Metrics Calculation for MLSTTCs 

The branch metrics are calculated to analyse the performance of MLSTTCs. The 

component codes are assumed to be independent of each other. The branch metrics for the 

component code at level L i.e. 	 (�) is calculated first which is then used for calculating 

the branch metrics for component codes at other levels. 

At the decoding stage L, the values of 	 (1) to 	 (� − 1� are unknown and are not 

considered for estimating the symbols transmitted at level L. The likelihood function to 

estimate 	 ���, in the form of branch metrics, is given by 

L+	 ���, � �8. �∑ �	� ��;���∑ ∑ ������������ �� ��L������¡� ¢ ��L�,L6�,…��� £   (3.9) 

At the decoding stage k, where 1 < k < L, the values of 	 (k) are hypothesized by 

maximizing the likelihood function using the estimated values of stages L to k+1. It is 

assumed that the estimated values corresponding to stages k-1 to 1 are unknown at the 

stage k. Based on these assumptions, the branch metric derived for stage k, is given by 
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�8.
¤
¥¦∑ �	� ABB

BCJ ;���∑ ∑ ��������§��� �� �(L)��∑ ∑ ���������̈�§©� �¨ ��(l)�J
�

��¡� EFF
FG �(L),L6�,…*�� ª
«¬	     (3.10) 

where 	� (�)2 is estimated output of the encoder p. 

At the final stage, estimates of the stages 2 to L are used to the estimate the value of 

		 (1). The stage 1 branch metrics is given by  

			�8. �∑ �	� ��;���∑ ∑ ������������ �� �(L)�����¡� ¢ �(L),L6�,…,� £			       (3.11) 

3.2.5 Performance Analysis of MLSTTCs 

The performance analysis of MLSTTCs has been shown by using the 16-QAM signal 

constellation partitioned in two levels such that d1/d2=2. The performance of MLSTTCs 

has been analysed for the wireless system with two transmit antennas by varying the 

number of receive antennas.  

 

Figure 3.4: FER performance of MLSTTCs by varying number of receive 

antennas 
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Each frame transmitted from the transmit antennas consists of 130 symbols and a 

quasi-static Rayleigh fading channel is considered for the transmission of symbols. The 

perfect CSI is assumed to be available at the receiver. For simplicity, the same generator 

sequences are used for designing the same component STTCs for level 1 and 2. The 

simulation results in figure 3.4 illustrates the performance of MLSTTCs with two transmit 

antennas and different number of receive antennas. It is clear from the figure 3.4 that the 

performance of system improves with the increase in the number of receiver antennas. 

3.3 DESIGN AND ANALYSIS OF MLDSTTCs 

MLSTTCs use predefined STTCs as component codes in multilevel coding. The 

generator sequences used for designing the predefined STTCs are fixed and do not 

depend on the channel conditions. The performance of MLSTTCs can be improved by 

using dynamic STTCs as component codes by replacing the predefined STTCs. Dynamic 

STTCs are generated by dynamic selection of optimum generator sequences using the 

feedback information from the receiver. The generator sequences used to design dynamic 

STTCs change according to the change in the CSI at the receiver. Therefore, dynamic 

STTCs change dynamically with the change in the CSI.  

Novel MLDSTTCs have been designed using dynamic STTCs as the component 

codes. The simulation results have shown that the performance MLDSTTCs is better than 

MLSTTCs. 

3.3.1 System Model: MLDSTTCs 

A MIMO system having N transmit antennas and M receive antenna is presented in 

figure 3.5. The channel is assumed to exhibit quasi-static Rayleigh fading. The system 

comprises a transmitter having STTC encoders for encoding the input data stream and a 

receiver having a multistage decoder for decoding the received signal. The receiver sends 

feedback information to the transmitter based on the comparison of current channel 
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profile at the receiver with a plurality of possible predefined channel profiles at the 

receiver. The feedback information is sent to the transmitter as an index of a predefined 

channel profile closest to the current channel profile at the receiver. It is assumed that the 

feedback is reliably delivered to the transmitter without any errors, and the feedback 

delay is neglected.  

 

Figure 3.5 Block diagram of MLDSTTC system  

3.3.2 Encoding for MLDSTTCs  

The input data stream is de-multiplexed into several independent sub-streams which 

are applied to the STTC encoders. A code set from the multiple code sets is selected that 

matches best with the current channel profile using a code set selection algorithm. Each 

code set has a different set of generator sequences for each STTC encoder. Each code set 

provides best performance corresponding to a particular channel profile. As the channel 

profile changes from one profile to another, the code set of generator sequences used for 
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encoding the data stream also changes from one codeset to another. The outputs of the 

STTC encoders are mapped to symbols from an enlarged constellation. The mapped 

symbols are distributed to different antennas and then transmitted simultaneously.  

3.3.2.1 Code Set Selection Algorithm  

The steps of code set selection algorithm are: 

• Calculate the sum of channel power gain between all transmit antennas N and all the 

receive antennas M for current profile at the receiver. 

G=∑ ∑ gℎ"2 g��"6�-26�  1 ≤ i ≤ M, 1 ≤ j ≤ N      (3.12) 

• Compare the power gain at the current channel profile with power gains 

corresponding to the predefined channel profiles.  

• Determine a predefined channel profile which has the power gain closest to the power 

gain of the current channel profile. 

• Send an index of the predefined channel profile closest to the power gain of the 

current channel profile to the transmitter. 

• Retrieve, at transmitter, a code set of generator sequences corresponding to the index 

of the determined predefined channel profile. 

The code set selection algorithm can be performed at the transmitter and receiver. 

When the perfect CSI is assumed to be available at the transmitter, the code set algorithm 

is performed at the transmitter, and path gains at the transmitter are used to calculate the 

power gain.  

3.3.2.2 Dynamic Space-Time Trellis Encoder 

Figure 3.6 shows a STTC encoder l with feedback from the receiver. A code set having 

a set of generator sequences is selected for the STTC encoder that provides best 

performance at the current channel profile at the receiver. The selected code set CS¯°	at 

channel profile ci is given as 
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±�²"	= [(³��,²", ³��,²", … ³�),²"�, �³��,²", ³��,²", … ³�),²"�,  
… �³L�,²", ³L�,²", … ³L),²"�, … 	³��,²", ³��,²", … ³�),²"]     (3.13) 

where �³L�,²", ³L�,²", … ³L),²"� is set of generator sequences for the STTC encoder l. 

The STTC encoder l receives m binary input sequences corresponding to data stream 

Il that are multiplied by the generator sequences for the corresponding encoder l in the 

selected code set. The generator sequences for the STTC encoder l at the channel profile 

ci are given by 

³L�,²" � /�.&,��,²" … .&,-�,²"�, �.�,��,²" … .�,-�,²"� … �.0�,��,²" … .0�,-�,²" ]     (3.14) 

³L�,²" � /�.&,��,²" … .&,-�,²"�, �.�,��,²" … .�,-�,²"� … �.0�,��,²" … .0�,-�,²" � ]     (3.15) 

³L),²" � /�.&,�),²" … .&,-),²"�, �.�,�),²" … .�,-),²"� … �.0),�),²" … .0),-),²" �]   (3.16) 

where gµ,°�,¯°,  k = 1, 2, . . . ,m, j = 1, 2, . . . , νk, i = 1, 2, . . . , N, is an element of the 4-

QAM constellation set and νk is the memory order of the kth shift register. 

 

Figure 3.6: Dynamic space-time trellis encoder 
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The multiplier outputs from all shift registers are added to generate dynamic STTCs. 

The output from the STTC encoder l is given by  

�(�) = 	 ²"(�)�, 	 ²"(�)� …	 ²"(�)-        (3.17) 

The equation 3.17 represents dynamic STTC at channel profile ci. The dynamic 

STTCs provide higher degrees of diversity for data transmission to the receiver and allow 

faster adaptation to the channel conditions using the feedback from the receiver. 

As shown in figure 3.5, MLDSTTC system uses L STTCs encoders performing space-

time trellis coding on their respective input streams. The encoder output for STTC 

encoder 1 is given by 

�(1) = 	 ²"(1)�, 	 ²"(1)� …	 ²"(1)-        (3.18) 

Similarly, the encoder output for STTC encoder L is given by 

�(�) = 	 ²"(�)�, 	 ²"(�)� …	 ²"(�)-       (3.19) 

Each generated dynamic STTC is used as a component code in multilevel coding by 

partitioning an underlying Mary-QAM signal constellation using the MRM approach as 

discussed in section 3.2.2.  

The outputs from all L encoders, S(1)...S(L), are applied to a symbol translator. The 

translated outputs are denoted by 

M(1) = 	 ²"(1)�, 	 ²"(2)� …	 ²"(�)�       (3.20) 

M(3) = 	 ²"(1)- , 	 ²"(2)- …	 ²"(�)-       (3.21) 

The translated outputs are applied to a constellation mapper. 	 ²"(�)	 in each translated 

output is mapped to the actual constellation points while 	 ²"(1) …	 ²"(� − 1) respectively 

are mapped to the virtual subset centre points. The mapped symbols are then transmitted 

through N antennas. The symbol � 2	transmitted at time t and channel condition ci by the 

j th transmit antenna is denoted by	 
� 2 = 9�	 ²"(1)2 + 9�	 ²"(2)2 …9�	 ²"(�)2       (3.22) 
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where j = 1... N, and d1... dL are the subset distances corresponding to		 ²"(1), ...		 ²"(�). 
3.3.3 Decoding of MLDSTTCs 

The received signal is a noisy superposition of independently Rayleigh faded versions 

of the transmitted signals. The signal received at the receive antenna i is given by 

� " = ∑ ℎ"2 -26� � 2 +	� "         (3.23) 

where � "  is the noise associated with the receive antenna i at time t. Substituting the 

equation 3.22 in equation 3.23, � " is given as  

� " = ∑ ∑ ℎ"2 -26��L6� 9L		 ²"(�)2 +	� "         (3.24) 

The received signal is decoded by the multistage decoder as shown in figure 3.3 

which uses the Viterbi algorithm to derive the branch metrics for each stage over the 

duration of a data frame. The decoder on stage L decodes the component code encoded by 

the STTC encoder L and estimate the value of 	 ²"(�). The estimated value of 	 ²"(�) (i.e 

	� ²"(�))	is applied as input to decoding stage L-1 to decode the values of 	 ²"(� − 1). 

Similarly, at the final stage, estimated values from stages L to 2 are used to estimate the 

value of 	 ²"(1). 

3.3.4 Branch Metrics Calculation for MLDSTTCs 

At the decoding stage L, the values of 	 ²" (1) to 	 ²"(� − 1) are unknown and are 

treated as nuisance variables. The likelihood function to estimate 	 ²"(�) in the form of 

branch metrics is given by 

L `	 ²"(�)d = �8. ¶∑ �	� ��;���∑ ∑ ������������ �� �·�(L)�����¡� ¢ �·�(L),L6�,…��� ¸   (3.25) 

At the decoding stage k, where 1 < k < L, the values of 	 ²"(¹) are hypothesized by 

maximizing the likelihood function using the estimated values of stages L to k+1. It is 

assumed that the estimated values corresponding to the stages k-1 to 1 are unknown. 

Based on these assumptions, the branch metric derived for stage k is given by 



 

 

65 

  

�8.
¤
¥¦∑ �	� ABB

BCJ ;���∑ ∑ ��������§��� �� �·�(L)��∑ ∑ ���������̈�§©� �¨ ��·�(l)�J
�

��¡� EFF
FG �·�(L),L6�,…*�� ª
«¬	     (3.26) 

where 	� ²"(�)2 is estimated output of the encoder p. 

At the final stage, estimates of stages 2 to L are used to the estimate the value 

	 ²"(1).	The stage 1 branch metrics is given by  

			�8. ¶∑ �	� ��;���∑ ∑ ������������ �� �·�(L)�����¡� ¢ �·�(L),L6�,…,� ¸			       (3.27) 

3.3.5 Simulation Results for MLDSTTCs 

The performance analysis of MLDSTTCs has been shown by using 16-QAM signal 

constellation partitioned in two levels such that d1/d2=2. The performance of MLDSTTCs 

has been analysed for the wireless systems having two transmit antennas and up to four 

receive antennas. Each frame transmitted from the transmit antennas consists of 130 

symbols and a quasi-static fading channel is considered for transmission of symbols.  

The perfect CSI is assumed to be available at the receiver. The feedback information 

indicating index of the code set is sent to transmitter. A zero delay feedback channel is 

considered because a delay in the feedback means that the feedback is outdated due to 

variations of the channel conditions. Thus, when the transmitter receives the feedback 

information, it may correspond to an old channel profile. Therefore, due to the feedback 

delay, the feedback information will be imperfect and will result in loss of performance.  

The performance of MLDSTTCs has been analysed by considering four different 

possible predefined channel profiles at the receiver. The generator sequences for each 

STTC encoder in the selected code set CS¯°	at predefined channel profiles ci are given in 

table 3.1. For simplicity, the same generator sequences have been used for each encoder 

on level 1 and level 2 at each channel profile.  
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Table 3.1: Code set for different predefined channel profiles 
   

Predetermined 
Channel 
Profile 

Selected Code 
Set 

Set of Generator sequence in the selected Code Set 

Encoder S(1) Encoder S(2) 

C1 ±�²� ³L�,²" = [(02), (20)] 

³L�,²" = [(01), (10)] 

³L�,²" = [(02), (20)] 

³L�,²" = [(01), (10)] 
C2 ±�²� ³L�,²" = [(02), (21)] 

³L�,²" = [(11), (20)] 

³L�,²" = [(02), (21)] 

³L�,²" = [(11), (20)] 
C3 ±�²( ³L�,²" = [(12), (20)] 

³L�,²" = [(01), (20)] 

³L�,²" = [(12), (20)] 

³L�,²" = [(01), (20)] 
C4 ±�²b ³L�,²" = [(02), (22)] 

³L�,²" = [(01), (22)] 

³L�,²" = [(02), (22)] 

³L�,²" = [(01), (22)] 

 
In figure 3.7, the performance of dynamic STTCs has been evaluated and compared 

with the performance of STTCs by varying the number of receive antennas. The 

performance comparisons show that the performance of the dynamic STTCs has been 

improved by about 0.7 dB at FER of 10-2 due to dynamic selection of the optimum 

generator sequences.  

 

Figure 3.7: Performance comparison of STTCs and DSTTCs with 2 transmit and 1, 

2 and 4 receive antennas 
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The performance evaluation of MLDSTTCs using two bits feedback and varying the 

number of receive antennas is shown in figure 3.8. Figure 3.8 also shows the performance 

comparison of MLDSTTCs and MLSTTCs. It can be seen that FER performance of the 

MLDSTTCs is superior by about 1.1 dB to MLSTTCs at FER of 10-1. 

Figure 3.8: Performance comparison of MLSTTCs and MLDSTTCs using 2 

transmit and 1, 2 and 4 receive antennas 

Figure 3.9 shows error performance of MLDSTTCs for 2 transmit antennas and 2 

receive antenna by varying the number of feedback bits. The receiver is assumed store 2n 

predefined channel profiles for providing n bits of feedback. For example, when eight 

predefined channel profiles are considered at the receiver, then three bits of feedback 

information is sent from the receiver to the transmitter. The simulation results show that 

by increasing the number of feedback bits i.e. by increasing the number of predetermined 

number of channel profiles at receiver, the error performance of MLDSTTCs is improved. 
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Figure 3.9: Performance comparison of MLDSTTCs for 2 transmit and 2 receive 

antenna using 1, 2, 3 feedback bits 

3.4 DESIGN AND ANALYSIS OF GMLSTTCs 

MLSTTCs use a single component code at each level and do not use grouping of 

transmit antennas. To improve the spectral efficiency of MLSTTCs, GMLSTTCs are 

designed by using the predefined grouping of the transmit antennas in MLSTTCs. 

GMLSTTCs use of a single component code at some levels and multiple component 

codes on remaining levels. The grouping of transmit antennas and using multiple 

component codes at particular levels enable to transmit two or more number of symbols 

in one time slot.  

The levels that use single component code transmit the coded information to all the 

transmit antennas simultaneously whereas the levels which use the multiple component 

codes transmit the coded information to their respective groups of transmit antennas. For 

example, for a level i using two component codes, the coded information corresponding 

to first component code is transmitted to first group of antennas and the coded 
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information corresponding to second component code is transmitted to the second group 

of transmit antennas. In this way, depending on the number of component codes, multiple 

symbols are transmitted per time slot to improve the spectral efficiency. GMLSTTCs 

provide a spectral efficiency of 6 bits/s/Hz in comparison to 4 bits/s/Hz provided by 

MLSTTCs using 16 QAM constellation partitioned in two levels. 

3.4.1 System Model and Encoding for GMLSTTCs 

A block diagram for GMLSTTC system is given in figure 3.10. At the transmitter, 

each STTC encoder receives a data stream, and performs space-time trellis coding on the 

data stream. The encoders 1 to L-1 generate STTCs which span all N transmit antennas. 

The STTC encoder l output is given by 

S(l) = xt(l)
1, xt(l)

2, ..., xt(l)
N where l=1, 2,…L-1     (3.28)  

 

Figure 3.10: Block diagram of GMLSTTC system 

Two parallel STTC encoders La and Lb are used at level L for generating two STTCs, 

each spanning through a group of N/2 transmit antennas. For example, STTC encoder La 

is used for generating STTCs which span through a first group of transmit antennas 1 to 

N/2 whereas STTC encoder Lb is used for generating STTCs which span through another 

group of transmit antennas N/2+1 and N.  
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The groups of antennas are predefined while designing GMLSTTCs and cannot be 

changed dynamically using the current CSI at transmitter or receiver. The main purpose 

of grouping the transmit antennas at level L is to transmit multiple symbols in one time 

slot to improve the spectral efficiency. The STTC encoder La output is given by  

S(La) = xt(La)
1, xt(La)

2, ..., xt(La)
N/2       (3.29) 

In the same way, STTC encoder Lb output is represented as  

S(Lb) = xt(Lb)
 N/2+1, xt(Lb)

 N/2+2, ..., xt(Lb)
N      (3.30) 

The output at level L, which is combination of output of STTC encoders La and Lb, is 

given by  

S(L)= xt(La)
1, xt(La)

2, ..., xt(La)
N/2 , xt(Lb)

 N/2+1, xt(Lb)
 N/2+2, ..., xt(Lb)

N   (3..31) 

3.4.2 ℳ-way constellation partitioning  

The partitioning strategy used in designing GMLSTTCs is ℳ-way partitioning. In 

ℳ-way partitioning, the given signal constellation is partitioned in subsets such that the 

Euclidean distance increases with each level of partition. An example of ℳ-way 

partitioning of 16-QAM in two partitions is illustrated in figure 3.11.  

The 16-QAM constellation is partitioned in subsets, each comprising four 

constellation points as shown by circle in blue color. Each subset of four points is further 

partitioned into four subsets, each subset comprising a single constellation point as shown 

by a dotted circle in figure 3.11. The Euclidean distance of level 2 (d2) is greater than the 

Euclidean distance of level 1 (d1). One or more number of components codes can be used 

at level depending upon the number of encoders used at the corresponding level. The 

component code S(1) at level 1 selects one of the subsets and the component codes S(La) 

and S(Lb) at level 2 select the constellation points from the selected subset.  
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Figure 3.11: ℳ-way partitioning for 16-QAM constellation 

Collectively, the outputs from the L encoders, i.e. S(1),...S(L), are fed in a symbol 

translator to generate N translated symbols which are mapped to Mary-QAM signal 

constellations using a constellation mapper. The mapped signals are then transmitted 

through N antennas. The symbol � 2	transmitted from j th transmit antenna at time t is 

given by  

� 2 = 9�	 (1�2 
 9�	 �2�2 …9�	 ��º�2       (3.32) 

where j = 1, ...,N, and d1, ..., dL represent the subset distances for levels 1 to L. 

3.4.3 GMLSTTC Decoder 

The transmitted signals while travelling from the transmitter to the receiver are 

corrupted by Rayleigh fading. The faded and noisy signal received at the receive antenna 

i is given by: 
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� " = ∑ ℎ"2 -26� � 2 +	� "         (3.33) 

The received signal is decoded by a multistage decoder employing two parallel 

decoders at final stage which is shown in figure 3.12. A Viterbi algorithm is used by the 

multistage decoder to derive the branch metrics for each stage. At 1st stage, the 

component code S(1) is estimated as 	� 	(1� and the estimated value 	� 	�1� is passed to the 

second decoding stage to estimate the value of 	� 	�2�.  Similarly, the decoder at final 

stage, which comprises of two parallel decoders, uses the estimated values of previous 

stages to estimate the values of S(La) and S(Lb). 

 

Figure 3.12: Multi-stage decoder for GMLSTTCs 

3.4.4 Branch Metric Calculation for GMLSTTCs 

A MIMO system with four transmit antennas and a 16-QAM signal constellation 

partitioned in two levels have been considered to evaluate the performance of 

GMLSTTCs. The STTC encoder at level 1 generate component STTC, S(1) which spans 

all four transmit antennas. At level 2, two STTC encoders generate identical component 

STTCs, each spanning a predefined group of two transmit antennas. The transmit 
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antennas in first group are assumed as 1 and 2 and antennas in second group are assumed 

as 3 and 4.  

In the 1st stage of decoding, the multistage decoder employing the Viterbi algorithm is 

used to hypothesize the value of xt(1). The value of xt(2) is not known at the 1st stage and 

therefore is not considered while estimating the value of xt(1). Each STTC encoder 

operate independently, therefore, xt(1), and xt(2) are considered as mutually independent. 

It is also assumed that the channel is independent of the component STTCs and the 

probability of transmission of different component codes is same. Based on these 

assumptions, the branch metric for component code S(1) is computed by 

max »��(�)∊{ ��(�)} »�½(�)∊¾ �½(�)¿
∑ g		� " − ∑ ℎ"2 26�,� 9�		» �(2)µ −	∑ ℎ"2 26(,b 9�		» º(2)µ −�"6�

∑ ℎ"2 -26� 9�		 (1)µg�			         (3.34) 

In the second stage, one decoder is used to decode S(La) and another decoder is used to 

decode S(Lb). The branch metric for S(La) is given by 

max »�½(�)∊¾ �½(�)¿ ∑ g		� " − ∑ ℎ"2 26�,� 9�		 �(2)µ −	∑ ℎ"2 26(,b 9�		» º(2)µ −�"6�
∑ ℎ"2 -26� 9�		 À (1)µg�		         (3.35) 

Similarly, the branch metric for S(Lb) is given by 

max »��(�)∊{ ��(�)} ∑ g		� " − ∑ ℎ"2 26�,� 9�		» �(2)µ −	∑ ℎ"2 26(,b 9�		 º(2)µ −�"6�
∑ ℎ"2 -26� 9�		 À (1)µg�		         (3.36) 

3.4.5 Performance Evaluation of GMLSTTCs 

The performance of the GMLSTTCs has been illustrated by using the signal 

constellation of 16-QAM partitioned in two levels with d2/d1=2. The simulation results 

are provided for GMLSTTCs with four transmit antennas and different number of receive 
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antennas. Each frame transmitted from the transmit antennas consists of 130 symbols and 

a quasi-static Rayleigh fading channel is considered for the transmission of symbols. The 

simulation results, as shown in figure 3.13, illustrates the performance of GMLSTTCs by 

varying the number of receive antennas. GMLSTTCs provide spectral efficiency of 6 

bits/s/Hz in comparison to 4bits/s/Hz provided by MLSTTCs. The increase in spectral 

efficiency is achieved by grouping the transmit antennas and using separate component 

STTCs for each group of transmit antennas for transmitting more than one symbol per 

time slot.  

 

Figure 3.13: FER performance of GMLSTTCs by varying the number of receive 
antennas 

3.5 DESIGN AND ANALYSIS OF GMLDSTTCs 

GMLSTTCs use predefined STTCs as component codes in multilevel coding. The 

error performance of GMLSTTCs has been improved by combining GMLSTTCs with 

dynamic space-time coding using the CSI at the transmitter. The CSI at the transmitter is 

used to select a code set for generating dynamic STTCs. The dynamic STTCs are used as 

component codes in multilevel coding instead of predefined STTCs to generate novel 
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GMLDSTTCs. Analysis and simulation results show that GMLDSTTCs are superior in 

performance as compared to GMLSTTCs. 

3.5.1 System Model and Encoding for GMLDSTTCs 

A block diagram for GMLDSTTC system is shown in figure 3.14. Each STTC 

encoder receives a data stream and optimum generator sequences to perform dynamic 

space-time trellis coding. The encoders 1 to L-1 generate the dynamic STTCs which span 

all N transmit antennas. The STTC encoder l output is given by 

�(�) = 	 ²"(�)�, 	 ²"���� … 	 ²"���- where l=1, 2,…L-1       (3.37) 

Figure 3.14: Block diagram of a GMLDSTTC system  

Two parallel STTC encoders La and Lb are used at level L for generating dynamic 

STTCs, each spanning through a group of N/2 transmit antennas. For example, STTC 

encoder La is used for generating dynamic STTCs which span through a group of transmit 

antennas 1 to N/2 whereas STTC encoder Lb is used for generating dynamic STTCs 

which span through another group of transmit antennas N/2+1 to N. The groups of 
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antennas are predefined while designing GMLSTTCs and cannot be changed 

dynamically. The STTC encoder La output is given by  

S(La) = 	 ²" (La)
1, 	 ²" (La)

2, ..., 	 ²" (La)
N/2      (3.38) 

In the same way, STTC encoder Lb output is represented as  

S(Lb) = 	 ²" (Lb)
 N/2+1, 	 ²" (Lb)

 N/2+2, ..., 	 ²" (Lb)
N     (3.39) 

The output at level L, which is combination of output of STTC encoders La and Lb, is 

given as  

S(L)= 	 ²" (La)
1, 	 ²" (La)

2, ..., 	 ²" (La)
N/2 , 	 ²" (Lb)

 N/2+1, 	 ²" (Lb)
 N/2+2, ..., 	 ²" (Lb)

N (3.40) 

The outputs from all L encoders, S (1)...S (L), are applied to a symbol translator. The 

translated outputs are denoted by 

M(1) = 	 ²"(1)�, 	 ²"(2)� …	 ²"(��)�       (3.41) 

M(3) = 	 ²"(1)- , 	 ²"(2)- …	 ²"(LÁ)-      (3.42) 

Collectively, the outputs from the L levels, i.e. S(1),...S(L), are fed in a symbol 

translator to generate N translated symbols. The translated symbols are mapped to Mary-

QAM signal constellations using a constellation mapper. The constellation mapper uses 

the ℳ-way partitioning strategy to map the translated symbols with the Mary-QAM signal 

constellation as described in section 3.4.2. 	 ²"(1)	 in each translated output is mapped to 

the actual constellation points, while 	 ²"(2)  …	 ²"(�)  respectively are mapped to the 

subset centre points. The mapped symbols are then transmitted through N antennas. The 

symbol 	� 2,²"transmitted at time t and channel condition ci by the j th transmit antenna is 

denoted by 

� 2,²" = 9�	 ²"(1)2 + 9�	 ²"(2)2 …9�	 ²"(�º)2       (3.43) 

where j = 1... N, and d1... dL are the subset distances corresponding to 	 ²"(1), ..., 	 ²"(�). 
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3.5.2 Decoding of GMLDSTTCs 

The transmitted signals while travelling from transmitter to receiver are corrupted by 

Rayleigh fading. The faded and noisy signal received at the receive antenna i is given by: 

� " = ∑ ℎ"2 -26� � 2,²" +	� "         (3.44) 

Substituting the equation (3.43) in equation (3.44)  

� " = ∑ ∑ ℎ"2 -26��L6� 9L		 ²"(�)2 +	� "         (3.45) 

The received signal is decoded by the multistage decoder employing two parallel 

decoders at final stage which is shown in figure 3.12. The Viterbi algorithm used by the 

multistage decoder derives the branch metrics for each stage. At the 1st stage, the 

component code S(1) is estimated and the estimated value of S(1) is passed to the second 

decoding stage to estimate the value of S(2). Similarly, the decoder at final stage which 

comprises of two parallel decoders uses the estimated values of previous stages to decode 

the values of S(La) and S(Lb). 

3.5.3 Branch Metrics Calculation for GMLDSTTCs 

To evaluate the performance of GMLDSTTCs, a system with four transmit antennas 

and a constellation of 16-QAM partitioned in two levels have been considered. The STTC 

encoder at level 1 generate component STTC S(1) which spans all four transmit antennas. 

At level 2, two STTC encoders generate identical component STTCs, each spanning a 

predefined group of two antennas. The transmit antennas in first group are 1 and 2 and 

antennas in second group are 3 and 4. The component code for group 1 has been referred 

to as S(La) and for group 2 as S(Lb). The received signal at the i th receive antenna at time t 

for the system as considered above is given by 

� " = 4ℎ"2 
b

26� 9�		 ²"(1)2 +	4ℎ"2 
b

26� 9�		 ²"(2)2 +	� " 																																																		(3.46) 
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The conditional probability density function (pdf) of � " conditioned on the channel 

matrix and encoder outputs for L levels may be written as 

P+� "g		 ²"(1), 	 ²"(2)…	 ²"(�),Ã ,.  
In the 1st stage of decoding, the multistage decoder employing the Viterbi algorithm is 

used to hypothesize the value of 	 ²"(1). The values of 	 ²"(2) are unknown at this stage 

and therefore not considered while estimating the value of 	 ²"(1) . Based on this 

assumption, the conditional PDF can be written as 

P+� "g		 ²"(1),Ã , = ∑ P �(L),L6�,� +	 ²"(2)	g	 ²"(1), Ã ,	P+� "	g		 ²"(2),Ã ,   (3.47) 

Each STTC encoder operates independently, therefore 	 ²"(1)  and 	 ²"(2)	 are 

considered as mutually independent. It is also assumed the channel is independent of the 

component STTCs and the probability of transmission of different component codes is 

same. Based on these assumptions, the probability P+	 ²"(2)	g	 ²"(1),Ã ,  in the 

expression on the right hand side of equation 3.47 reduces to a constant and can be 

ignored when maximizing the likelihood function. Based on these assumptions, the 

equation 3.47 can be written as 

P+� "g	 ²"(1), 	 ²"(2), Ã , =       

1+√2Å�^�, �	� ABB
BBCÆ
		� " − ∑ ℎ"2 �26� 9�		» �,²"(2)2 −	∑ ℎ"2 b26( 9�		» º,²"(2)2−∑ ℎ"2 -26� 9�		 ²"(1)2 Æ�

2�^�
EFF
FFG												(3.48)		

Using the equation 3.48 and ignoring the constant term, the likelihood function for 	 ²"(1) 
is given by 

�+	 ²"(1), = P+� "g	 ²"(1), Ã , ∝ 
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	�	�
ABB
BBCÆ
		� " − ∑ ℎ"2 �26� 9�		» �,²"(2)2 −	∑ ℎ"2 b26( 9�		» º,²"(2)2−∑ ℎ"2 -26� 9�	 	 ²"(1)2 Æ�

2�^�
EFF
FFG																				(3.49)	

Therefore, the branch metric for S(1) at level 1 is given by: 

max »��,·�(�)∊È ��,·�(�)É »�½,·�(�)∊È �½,·�(�)É
4Ê		� " − 4ℎ"2 

�
26� 9�		» �,²"(2)2 −	4ℎ"2 

b
26( 9�		» º,²"(2)2�

"6�

− 4ℎ"2 
-

26� 9�		 ²"(1)2Ê� 																																																																																																							(3.50) 
In second stage, one decoder is used to decode S(La) and another decoder is used to 

decode  S(Lb).  

The branch metric for S(La) is given by 

max »�½,·�(�)∊È �½,·�(�)É4Ê		� " − 4ℎ"2 
�

26� 9�		 �,²"(2)2 −	4ℎ"2 
b

26( 9�		» º,²"(2)2�
"6�

− 4ℎ"2 
-

26� 9�		 ²ÌÍ(1)2Ê� 																																																																																																											(3.51) 
Similarly, the branch metric for S(Lb) is given by 

max »��(�)∊¾ ��(�)¿4Ê		� " − 4ℎ"2 
�

26� 9�		» �,²"(2)2 −	4ℎ"2 	9�		 º,²"(2)2b
26(

�
"6�

−4ℎ"2 
-

26� 9�		 ²"(1)2Ê� 																																																																																																	(3.52) 
3.5.4 Simulation Results for GMLDSTTCs 

The simulation results are provided for GMLDSTTCs with four transmit antennas, 

16-QAM signal constellation partitioned in two levels, and different number of receive 

antennas. The transmitter is assumed to have knowledge of four different possible 

predefined channel profiles. The generator sequences for each encoder in the selected 

code set CS¯°	at the predefined channel profiles ci are given in table 3.1. Figure 3.15 
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depicts the performance comparison of GMLSTTCs and proposed GMLDSTTCs. The 

simulation results show that FER performance of GMLDSTTCs is superior by 1.6 dB to 

the GMLSTTCs at FER of 10-2 and M=2. 

 

Figure 3.15: Performance comparison of GMLSTTCs and proposed GMLDSTTCs 

with 4 transmit and 1, 2, and 4 receive antennas. 

3.6 COMPLEXITY CONSIDERATIONS 

It has been shown in [181] that the system combining STTCs and multilevel coding 

offers significantly low complexity in comparison to the STTC system. The main reason 

for the low complexity is mapping of simpler component codes to different partitions of 

the enlarged signal constellation and using a multistage decoder at the receiver. The 

complexity of the STTC system increases exponentially in comparison with the 

complexity of the system using the combination of multilevel coding and STTCs where 

the complexity increases linearly with the size of the underlying constellation. 

The minimum complexities of MLSTTCs, GMLSTTCs, MLDSTTCs, and 

GMLDSTTCs have been compared by assuming that these codes are designed using 16-
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QAM constellation, multilevel coding with two levels (i.e. L=2), and component STTCs 

with Ns states and Nb branches per state. Ns ×Nb has been used to measure the minimum 

complexity of these codes for comparison purposes. Table 3.2 presents comparison of 

different aspects of the GMLDSTTCs, MLSTTCs, MLDSTTCs, and GMLSTTCs.  

Table 3.2: Comparison of MLSTTCs, MLDSTTCs, GMLSTTCs, and GMLDSTTCs 
(For L=2 levels, 16 QAM Constellation). 

    
Parameter/Criteria MLSTTCs MLDSTTCs GMLSTTCs GMLDSTTCs 
Constellation 
Partitioning  

MRM partitioning MRM partitioning ℳ- way 
partitioning 

ℳ-way 
partitioning 

Spectral Efficiency  4 bits/s/Hz (2 STTC 
encoders required, 
each providing a 
spectral efficiency 
of 2 bits/s/Hz. The 
level 2 is not 
partitioned into 
sublevels) 

4 bits/s/Hz (2 
STTC encoders 
required, each 
providing a 
spectral efficiency 
of 2 bits/s/Hz. 
The level 2 is not 
partitioned into 
sublevels) 

6 bits/s/Hz (3 
STTC encoders 
required, each 
providing a 
spectral efficiency 
of 2 bits/s/Hz. 
The level 2 is 
being partitioned 
into two 
sublevels.) 

6 bits/s/Hz (3 
STTC encoders 
required, each 
providing a 
spectral 
efficiency of 2 
bits/s/Hz. The 
level 2 is being 
partitioned into 
two sublevels.) 

Error 
Performance, SNR 
required (at FER of 
10-1, using 2 receive 
antennas) 

16.2 dB 
 

15.8 dB 21 dB 19.4 dB 

Channel State 
Information 

Perfect CSI at 
receiver only 

Perfect CSI at 
receiver only. 
Transmitter 
receives index of 
selected code set 

Perfect CSI at 
receiver only 

Perfect CSI at 
receiver and 
transmitter 

Minimum 
Complexity 

32 52 48 72 

Transmit Antenna 
Grouping  

No No Yes Yes 

Component Code 
Selection 

No, Predefined 
component STTCs 
used. 

Yes, Component 
STTCs are 
dynamically 
selected based on 
the  index bits  

No, Predefined 
component 
STTCs used. 

Yes, Component 
STTCs are 
dynamically 
selected based 
on perfect CSI 
at transmitter. 

 

In STTCs, for transmitting b bits/sec/Hz, the number of branches leaving each state of 

the trellis is 2b which is same as the size of signal constellation. For 16-QAM, minimum 

16 states with 16 branches leaving each state are required for the data transmission rate of 

4 bits/sec/Hz in STTCs. Therefore, the minimum complexity of STTC system for 
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providing the data transmission rate of 4 bits/sec/Hz is 16×16 whereas for 6 bits/sec/Hz, 

the minimum value of the complexity is 64 × 64. Thus, it can be seen that the minimum 

complexity for STTCs increase exponentially with increase in the data rate.  

In contrast to STTCs, MLSTTCs use the multilevel coding and constellation 

partitioning to resolve the problem of increase in complexity with the size of 

constellation. Since 16-QAM is partitioned into two 4-QAM subsets, the number of states 

are equal to 4×2 (4×L) and number of branches leaving each state are 4. Therefore, the 

minimum complexity in MLSTTCs for providing the data transmission rate of 4 

bits/sec/Hz is 4×2×4 whereas for 6 bits/sec/Hz, the minimum value of the complexity is 

4×3×4. Thus, the minimum complexity for MLSTTCs increases linearly with the increase 

in data rate.  

In GMLSTTCs, the second level is split into two sub-levels. For minimum 

complexity, the level 1 and each sub-level at level 2 use 4-QAM STTCs as component 

codes with 4 branches leaving each state. Therefore, three 4-QAM STTCs are required as 

the component codes. The minimum complexity for GMLSTTCs is given by 4×3×4 = 48.  

MLDSTTCs and GMLDSTTCs are designed by selecting optimum generator 

sequences for each component STTCs based on the feedback information from the 

receiver. The minimum complexity for MLSTTCs for providing the data transmission 

rate of 4 bits/sec/Hz is 4×2×4 =32. The selection of the code set including optimum 

generator sequences for each component STTCs results in an increase in the minimum 

complexity. For the system having two transmit antennas and two receive antennas, the 

calculation of power gain as given in equation 3.12 results in minimum increase in the 

complexity by 2×2=4.  

For four predefined channel profiles, the comparison of total power gain G at the 

current channel profile with total power gains corresponding to the predefined channel 
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profiles results in an increase in the minimum complexity by 4×4=16. This increase in the 

minimum complexity entirely depends on the number of predefined channel profiles. The 

minimum complexity of MLDSTTCs for 4 predefined channel profiles is given by 32+ 

4+ 16=52. Similarly, the minimum complexity for GMLDSTTCs for the system having 

four transmit antennas and two receive antennas 48+ 8+ 16=72.  

3.7 SUMMARY OF THE CHAPTER  

In this chapter, the design and performance analysis of MLSTTCs and GMLSTTCs 

has been presented by combining the MLC and STTCs. MLSTTCs and GMLSTTCs have 

been designed by assuming that the perfect CSI is available at the receiver only and there 

is no availability of the perfect CSI at the transmitter. The simulation results have been 

shown the performance of MLSTTCs and GMLSTTCs by varying the number of receive 

antennas.  

The effect of CSI at the transmitter has been analysed to improve the performance of 

MLSTTCs and GMLSTTCs. In this chapter, the CSI at the transmitter has been utilized 

to generate the dynamic component STTCs used for multilevel coding. Dynamic STTCs 

have been generated by using the CSI to dynamically select the optimum generator 

sequences for each STTC encoder. Dynamic STTCs are used as component codes in 

MLSTTCs and GMLSTTCs instead of predefined STTCs to generate MLDSTTCs and 

GMLDSTTCs. The simulation results have shown that MLDSTTCs and GMLDSTTCs 

outperform MLSTTCs and GMLSTTCs by 1.1.dB and 1.6 dB respectively. In the next 

chapter, the CSI is used to improve the performance of GMLSTTCs by adaptive grouping 

of the transmit antennas. 
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CHAPTER 4 

IMPROVEMENT IN PERFORMANCE OF GMLSTTCs BASED ON 

ADAPTIVE GROUPING OF TRANSMIT ANTENNAS 

 

4.1 INTRODUCTION 

MIMO wireless communication systems use multiple antennas at the transmitter and 

the receiver to increase the reliability of communication, data rate, and the spectral 

efficiency of the wireless systems operating in the fading channels. However, increasing 

the number of antennas at the transmitter and the receiver beyond a particular limit do not 

improve the performance significantly. Moreover, there will be an increase in cost and 

complexity of the systems on increasing the number of antennas. Even further, search for 

optimal antennas become computationally intensive when the number of antennas is large 

which results in more power consumption and delay in data transmission. This motivates 

the need for efficient antenna selection algorithms with reasonable power requirements 

and minimum latency. 

Antenna selection [119]-[121] is a powerful signal processing technique in the 

wireless systems with multiple antennas at the transmitter and receiver. The main 

advantage of the antenna selection is that it decreases the system cost, reduces the 

computational complexity, and preserves the diversity of the system. In an antenna 

selection technique, a subset of antennas is optimally selected from a large number of 

antennas. An exhaustive search is performed on all possible combinations of antennas 

such that the selected combination provides minimum error.  

GMLSTTCs [182] use the predefined grouping of transmit antenna. The groups of 

antennas defined in GMLSTTCs do not change with the change in the CSI at the 

transmitter. In this chapter, adaptively grouped multilevel space-time trellis codes 
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(AGMLSTTCs) have been designed by adaptive grouping of transmit antennas using the 

perfect CSI at the transmitter. An adaptive antenna grouping algorithm is presented to 

group the transmit antennas. The simulation results have shown that AGMLSTTCs 

provide better error performance than GMLSTTCs in quasi static Rayleigh fading 

channel conditions. 

4.2 DESIGN AND ANALYSIS OF AGMLSTTCs 

The predefined grouping of transmit antennas limits the performance of GMLSTTCs. 

The performance of GMLSTTCs has been improved by adaptive grouping of transmit 

antennas using the CSI at the transmitter. Instantaneous channel power gain is calculated 

between each transmit antenna and all the receive antennas. A subset of transmit antennas 

having maximum channel power gain is selected to form a group. In adaptive antenna 

grouping, the transmit antennas in the groups change with the change in the CSI at the 

transmitter. 

4.2.1  System Model: AGMLSTTCs 

A MIMO system having N transmit antennas and M receive antenna is presented in 

figure 4.1. The channel is assumed to exhibit quasi-static Rayleigh fading. The system 

comprises a transmitter having STTC encoders for encoding the input data stream and a 

receiver having a multistage decoder for decoding the received signal. At least one or 

more levels use two or more STTCs. It is assumed that the transmitter and receiver have 

perfect knowledge of the CSI. 

4.2.2 Encoding for AGMLSTTCs 

At the transmitter, each STTC encoder receives a data stream, and performs space-

time trellis coding on the data stream. The encoders 1 to L-1 generate the STTCs which 

span all N transmit antennas. The STTC encoder l output is given by:  

S(l) = xt(l)
1, xt(l)

2, ..., xt(l)
N    where l=1, 2,…L-1     (4.1) 
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Figure 4.1 Block diagram of AGMLSTTC system  

Two parallel STTC encoders La and Lb are used at level L for generating STTCs 

which span through a group of N/2 transmit antennas. For example, STTC encoder La is 

used for generating STTCs which span through a first group of transmit antennas whereas 

STTC encoder Lb is used for generating STTCs which span through another group of N/2 

transmit antennas. The antennas in each group are selected using an adaptive antenna 

grouping algorithm. The antennas in each group change dynamically with the change in 

CSI. The main purpose of adaptive grouping of transmit antennas at level L is to improve 

the performance of codes in comparison with predefined antenna grouping.  

The output from STTC encoder La is given by  

S(La) = xt(La)
1, xt(La)

2, ..., xt(La)
N/2       (4.2) 

Similarly, STTC encoder Lb output is given by 

S(Lb) = xt(Lb)
 N/2+1, xt(Lb)

 N/2+2, ..., xt(Lb)
N      (4.3) 

The output at level L is given as 

S(L)= xt(La)
1, xt(La)

2, ..., xt(La)
N/2 , xt(Lb)

 N/2+1, xt(Lb)
 N/2+2, ..., xt(Lb)

N   (4.4) 
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Each component STTC has been designed using trace criteria for a 4-QAM signal 

constellation. The symbols, xt(1) to xt(L), in complex form are represented as 

xt(l) = a + jb  a, b ε {1,−1}         (4.5) 

Collectively, the outputs from the L levels, S(1),...S(L), are fed into a symbol translator to 

generate the translated symbols. These translated symbols are denoted by 

B(1) = xt(1)1, xt(2)1...xt(La)
1         (4.6) 

B(N) =xt(1)N , xt(2)N ...xt(Lb)
N         (4.7) 

The translated N symbols are mapped to Mary-QAM (i.e 16-QAM ) signal 

constellation using an ℳ-way partitioning scheme in which the Mary-QAM signal 

constellation is partitioned in two levels such that the Euclidean distance increases with 

each level of partition. The 16-QAM constellation is partitioned in subsets, each 

comprising four constellation points. Each subset of four points is further partitioned in 

four subsets, each subset comprising a single constellation point. The ℳ-way partitioning 

is shown in figure 3.11.  The Euclidean distance of subsets (d2) is greater than the 

Euclidean distance of sets (d1). One or more number of component codes can be used for 

each partition depending upon the number of encoders used at the corresponding level. 

The component code S(1) at level 1 selects one of the subsets and the two component 

codes S(La) and S(Lb) at level 2 select the constellation points from the selected subset.  

It is possible to use higher modulation techniques (e.g. 64-QAM) in multilevel 

coding. The use of 64-QAM would result in partitioning the constellation in 3 levels. The 

3 levels would require at least 4 space-time encoders at the transmitter and would 

therefore increase data rate and complexity of the system but the complexity is 

manageable for large order modulations. Thus, higher order modulation techniques are 

generally able to offer much faster data rates and higher levels of spectral efficiency but 

will also increase complexity of the system. Another limitation of using the higher order 
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modulation techniques is that they are significantly less resistant to effects of noise 

present in the channel. This is because the constellation points are close and the 

transmission becomes more susceptible to noise. This results in a higher error rate in 

higher order modulation. In this way, a balance is required between the data rate and an 

acceptable error rate for the system. 

The mapped signals are then transmitted through N antennas. The symbol 

� 2 	transmitted at time t by the j th transmit antenna is given by  

� 2 = 9�	 (1)2 + 9�	 (2)2 …9�	 +�(	º),2          (4.8) 

where j = 1, ...,N, and d1, ..., dL a represent the subset distances for levels 1 to L. 

4.2.3 Adaptive Antenna Grouping Algorithm 

The symbols at level L are transmitted through two groups of transmit antennas. The 

groups are formed using the perfect CSI at the transmitter with the help of an adaptive 

antenna grouping algorithm. The steps of the adaptive antenna grouping algorithm are: 

• Calculate the instantaneous channel power gain between the transmit antenna i 

and all the receive antennas. 

G
i
=∑ gℎ"2 g��26�   1≤ i ≤ N       (4.9) 

• Arrange the calculated values of G
i
 in an increasing order. 

• Select two antennas, denoted by u and v to form a first group of antennas. The 

antennas u and v are selected such that the total instantaneous channel power gain 

of antennas u and v is maximum i.e.  

{u, v } = ��.7�	 ({Gu+ Gv}) 1 ≤  u, v  ≤  N, u  ≠  v    (4.10) 

• After, the formation of first group, second group is formed in the same way. The 

second group of the antennas is formed by selecting next two antennas from the 
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remaining transmit antennas. This procedure continues till all the transmit 

antennas are grouped.  

4.2.4 MULTISTAGE DECODING OF AGMLSTTCs 

The transmitted signals while travelling from transmitter to receiver are corrupted by 

Rayleigh fading. The faded and noisy signal received at the receive antenna i is given by: 

� " = ∑ ℎ"2 -26� � 2 +	� "         (4.11) 

In matrix form the received signal can be represented as 

ABB
C � �� �⋮� �EFF

G = AB
BCℎ��Î ⋯ ℎ�-Îℎ��Î … ℎ�-Î⋮ ⋱ ⋮ℎ��Î ⋯ ℎ�-ÎEF

FG ABB
C� �� �⋮� -EF

FG 	+ 	 ABB
C� �� �⋮� �EFF

G
      (4.12) 

In compact form, the received signal is given as 

� = Ã � +	� 												        (4.13) 

where Ht is known as channel matrix. Substituting the equation 4.8 in equation 4.11 

� " = ∑ ∑ ℎ"2 -26��L6� 9L		 (�)2 +	� "        (4.14) 

The received signal is decoded by a multistage decoder employing two parallel 

decoders at final stage which is shown in figure 3.12. Viterbi algorithm is used by the 

multistage decoder to derive the branch metrics for each stage. At the 1st stage, the 

component code S(1) is estimated and the estimated value of S(1) is passed to the second 

decoding stage to estimate the value of S(2).  The decoder at the second stage comprises 

two parallel decoders which use the estimated values of previous stages to estimate the 

values of S(La) and S(Lb). 

4.2.5 BRANCH METRICS CALCULATION FOR AGMLSTTCs  

A MIMO system having four transmit antennas and a 16-QAM signal constellation 

partitioned in two levels have been used to evaluate the performance of AGMLSTTCs. 

The STTC encoder at level 1 generates component STTC, S(1) which spans all four 
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transmit antennas. At level 2, two STTC encoders generate identical component STTCs, 

each spanning a group of two transmit antennas. The transmit antennas in each group are 

adaptively selected based on the CSI at the transmitter. The selected antennas in each 

group are determined by 

Group 1=antennas{u, v} = ��.7�	 ({Gu + Gv}) 1 ≤  u, v  ≤  4, u  ≠  v  (4.15) 

Group 2=antennas{y, z} = ��.({ Gy + Gz})       (4.16) 

where 1  ≤  y, z ≤ 4, y ≠ z, ��.7�	 ({Gu + Gv}) > 	��.({ Gy + Gz}) 

For the system as considered above, � "	is given by 

� " = ∑ ℎ"2 -26� 9�		 (1)2 +	∑ ℎ"2 -26� 9�		 (2)2 +	� " 																										  (4.17) 

A conditional probability density function (PDF) for the received signal is given by  

P(� |	 (1), 	 (2), Ã )            (4.18) 

In the 1st stage of decoding, the multistage decoder employing the Viterbi algorithm is 

used to hypothesize the value of 	 (1). The values of 	 (2) are unknown at this stage and 

therefore not considered while estimating the value 	 (1). Based on this assumption, the 

PDF can be written as 

P(� |		 (1),Ã ) = ∑ P �(L),L6�,� (	 (2)|		 (1), Ã )	P(� |		 (2), Ã )    (4.19) 

Each STTC encoder operates independently, therefore, 	 (1)  and 	 (2)		 are 

considered as mutually independent. It is also assumed the channel is independent of the 

component STTCs and the probability of transmission of different component codes is 

same. Based on these assumptions, the equation 4.19 can be written as 

P(� |	 (1),Ã ) =
�+√�Ï�¡�, exp ��		;���∑ Ð�����Ñ,Ò ��	 »��(�)Ó�∑ ������Ô,Õ ��	 »�½(�)Ó�∑ �������� ��	 �(�)Ó����¡� ¢																									(4.20) 
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Based on equation 4.20, the likelihood function for 	 (1)	is given by 

�+	 (1), = P(� |	 (1), Ã ) 
∝ 	exp ��		;���∑ Ð�����Ñ,Ò ��	 »��(�)Ó�	∑ ������Ô,Õ ��	 »�½(�)Ó�∑ �������� ��	 �(�)Ó����¡� ¢      (4.21) 

Therefore, the branch metric for component code S(1) is given by 

max »��(�)∊{ ��(�)} »�½(�)∊¾ �½(�)¿
∑ g		� " − ∑ ℎ"2 26Ö,0 9�		» �(2)µ −	∑ ℎ"2 26<,× 9�		» º(2)µ −�"6�

∑ ℎ"2 -26� 9�		 (1)µg�			         (4.22) 

In the second stage, one decoder is used to decode S(La) and another decoder is used to 

decode  S(Lb). The branch metric for the component code S(La) is computed as 

max »�½(�)∊¾ �½(�)¿ ∑ g		� " − ∑ ℎ"2 26Ö,0 9�		 �(2)µ −	∑ ℎ"2 26<,× 9�		» º(2)µ −�"6�
∑ ℎ"2 -26� 9�		 À (1)µg�		         (4.23) 

Similarly, the branch metric for component code S(Lb) is computed as 

max »��(�)∊{ ��(�)} ∑ g		� " − ∑ ℎ"2 26Ö,0 9�		» �(2)µ −	∑ ℎ"2 26<,× 9�		 º(2)µ −�"6�
∑ ℎ"2 -26� 9�		 À (1)µg�		         (4.24) 

4.2.6 SIMULATION RESULTS FOR AGMLSTTCs 

The performance of AGMLSTTCs has been illustrated by using the signal 

constellation of 16-QAM partitioned in two levels with d2/d1=2. The simulation results 

have been calculated using four transmit antennas and different number of receive 

antennas. Each frame transmitted from the transmit antennas consists of 130 symbols and 

a quasi-static Rayleigh fading channel is considered for the transmission of symbols. The 

perfect CSI is assumed to be available at the transmitter and receiver. The CSI 

information at the transmitter has been used for adaptive grouping of the transmit 

antennas.  
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The FER performance of AGMLSTTCs, as shown in figure 4.2, is plotted against 

SNR for four transmit antennas and different number of receive antennas. Figure 4.2 

exhibits that the FER performance of AGMLSTTCs is superior over GMLSTTCs due to 

the adaptive grouping of the transmitting antennas using the CSI at the transmitter. The 

comparison results show that AGMLSTTCs are superior to GMLSTTCs by about 1.5 dB 

at the FER of 10-2 and M=2, whereas the spectral efficiency of 6 bits/sec/Hz is achieved in 

both the codes.   

 

Figure 4.2: Performance comparison of AGMLSTTCs and GMLSTTCs  

4.3 SUMMARY OF THE CHAPTER 

In this chapter, the use of the CSI at the transmitter has presented for adaptive 

grouping of transmit antennas to improve the performance of GMLSTTCs. A new 

adaptive antenna grouping algorithm is presented which uses the CSI at the transmitter to 

optimally group the transmit antennas. Novel AGMLSTTCs have been designed by 

replacing the predefined antenna grouping in GMLSTTCs with adaptive antenna 
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grouping. The simulation results have shown that AGMLSTTCs using the adaptive 

grouping of transmit antennas perform considerably better than GMLSTTCs. 

In the next chapter, the CSI at transmitter is used to provide a beamforming scheme to 

improve the performance of AGMLSTTCs. The CSI is also used optimally 

simultaneously for dynamic component code selection, adaptive grouping of transmit 

antennas, and beamforming.  
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CHAPTER 5 

IMPROVEMENT IN PERFORMANCE OF AGMLSTTCs BASED ON 

BEAMFORMING AND DYNAMIC COMPONENT CODE 

SELECTION 

 
5.1 INTRODUCTION 

In recent years, to alleviate the problem of scarce radio spectrum and to fulfill the 

tremendously increasing demand for reliable transmission of high speed data, 

beamforming is another prominent technique used in MIMO systems. It has been shown 

that the beamforming [154]-[159] improves the spectral efficiency, decreases the outage 

probability, and improves the error performance for space-time coded systems. 

WMLSTTCs [183], designed by combining MLSTTCs and beamforming using the CSI 

at the transmitter, has shown better performance than MLSTTCs. 

In AGMLSTTCs, the transmit power is equally distributed across all transmit 

antennas. The CSI at the transmitter in AGMLSTTCs has been used for adaptive 

grouping of transmit antennas only. In this chapter, the CSI at the transmitter has been 

utilized for adaptive antenna grouping as well as for beamforming to further improve the 

performance of AGMLSTTCs. The CSI is used to provide a beamforming scheme for 

dynamically allocating the transmit power to transmit antennas. The dynamic allocation 

of transmit power is performed by weighting transmitting signals based on the CSI. Novel 

WAGMLSTTCs are proposed and the simulation results show that performance of 

WAGMLSTTCs is better than AGMLSTTCs in the quasi-static Rayleigh channel 

conditions.  

This chapter further introduces an optimum utilization of the CSI at the transmitter. In 
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the earlier chapters, the CSI has been used separately for adaptive antenna grouping and 

dynamic code selection to improve the error performance of GMLSTTCs. The combined 

effect of these schemes along with beamforming on GMLSTTCs has not been explored 

yet. The CSI at the transmitter has been used simultaneously for beamforming, adaptive 

antenna grouping, and dynamic code selection to design WAGMLDSTTCs. It is shown 

that WAGMLDSTTCs provide better error performance than WAGMLSTTCs. 

5.2 BEAMFORMING  

Beamforming is a signal processing technique for directional transmission or 

reception of the signal. This is achieved by multiplying the signals with 

beamforming/weighting coefficients to adjust the magnitude and phase of the signals in 

such a way that signals in a particular direction experience constructive interference while 

others experience destructive interference.  

Figure 5.1: Beamforming for intended user 

Figure 5.1 shows that beamforming emphasizes the signals in a particular direction 

while attenuates signals in other directions. The beams directed to desired users are 
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amplified, while beams for unintended users have been attenuated to increase received 

SNR for the desired user. Therefore, the beamforming results in a stronger link for the 

desired user and improves error performance. 

5.2.1 Weighting Coefficients and the Weighted Response 

Figure 5.2 illustrates that the signal 	"(�)  from antenna i is multiplied with a 

weighting coefficient	Ø"∗, where the * represents the complex conjugate. The weighted 

signals are added together at the receiver to generate the received signal.  

 

Figure 5.2: A general beamforming system  

The output signal r corresponds to weighted response and is given by 

� = ∑ 	"Ø"∗-��"6& = ØO	         (5.1) 

where w represents a vector of weights with length N, x represents a vector of received 

signals with length N and the superscript H represents the Hermitian of a vector (the 

conjugate transpose). ØO is given as 

ØO = [Ø&∗, Ø�∗, Ø�∗, … . Ø-��∗ ]=[Ø?1∗        (5.2) 
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5.2.2 Fixed Beamforming and Adaptive Beamforming 

Based on whether the values of weighting coefficients are fixed or varying, the 

beamforming techniques are classified in two categories: 

(a) Fixed Beamforming: Fixed beamforming is a beamforming technique in which 

weighting coefficients are fixed during the operation. A fixed set of weighting 

coefficients are used for multiplying the corresponding signals. For example, as shown in 

figure 5.3, beamforming based on switched-beam antennas is one of fixed beamforming 

techniques in which a finite number of beams are used and each beam is provided one 

radio frequency signal.  

 

Figure 5.3: Fixed Beamforming 

In fixed beamforming, a beam providing the optimum performance is selected using a 

beam select signal. The transmitter or receiver searches for the optimum beam 

periodically which can provide best performance and switches the transmission or 

reception of the signals to that beam. The fixed beamforming using the beam switching 

technique can provide an array gain of Y with Y weighting coefficients.  
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(b) Adaptive Beamforming: Adaptive Beamforming is a beamforming technique in 

which the weighting coefficients change dynamically to enhance the desired signal while 

suppressing interference signals to maximize SNR at the receiver. This adaptive 

beamforming approach leads to optimal performance, but is more expensive and needs 

considerable implementation efforts. Figure 5.4 shows a generic adaptive beamforming 

system which requires a reference signal to adjust the weighting coefficients.  

 
Figure 5.4: An adaptive beamforming system 

The signal x(t) received by each antenna is multiplied with a coefficient in a weight 

vector w (series of amplitude and phase coefficients) which adjusts the phase and 

amplitude of the signal accordingly. This weighted signal is summed up, resulting in the 

array output y(t). An adaptive algorithm is then employed to minimize the error e(t) 

between a desired signal d(t) and the array output  y(t).  
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A reference signal is generated based on the adaptive algorithm to dynamically adjust 

the weighting coefficients. The adaptive algorithm is generally derived by first setting a 

performance criterion and then generating a set of iterative equations to adjust the weights 

so that the performance criterion is met. As the weights are iteratively adjusted, the 

performance of beamformer approaches the desired criterion. The algorithm is said to be 

converged when the performance of the desired criterion is met. 

The systems using MIMO and beamforming techniques hold advantages of both 

MIMO and beamforming. These systems can not only obtain spatial diversity gain due to 

MIMO, but also array gain using the beamforming. Thereby, beamforming is being 

widely utilized to increase the coverage, improve the throughput effectively, and reducing 

network construction and maintenance costs greatly. It brings space multiplexing gain 

and also reduces the co-channel interference, thereby, improving the spectrum efficiency 

to meet the demand for high-speed data transmission. 

5.3 DESIGN AND ANALYSIS OF WAGMLSTTCs 

The novel design of WAGMLSTTCs is proposed by using the CSI at the transmitter 

for adaptive grouping of transmit antennas and providing beamforming for the 

transmitting signals. The beamforming is provided by dynamically distributing the power 

across the transmit antennas using the beamforming coefficients. It is shown using the 

simulation results that WAGMLSTTCs provide better performance than AGMLSTTCs 

over quasi-static Rayleigh channel conditions.  

5.3.1 System Model: WAGMLSTTCs 

A MIMO system having N transmit antennas and M receive antennas is presented in 

figure 5.5. The channel is assumed to exhibit quasi-static Rayleigh fading. The system 

comprises a transmitter having STTC encoders for encoding the input data stream and a 

receiver having a multistage decoder for decoding the received signal. The perfect CSI is 
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assumed to be available at the receiver and the transmitter. A beamformer and an antenna 

grouper are applied at the transmitter which use the CSI at the transmitter for providing 

the beamforming and adaptive grouping of the transmit antennas. 

Figure 5.5: Block diagram of a WAGMLSTTC system 

5.3.2 Encoding for WAGMLSTTCs 

At the transmitter, each STTC encoder receives a data stream, and performs space-

time trellis coding on the data stream. The encoders 1 to L-1 generate the STTCs which 

span all N transmit antennas. The STTC encoder l output is given by:  

S(l) = xt(l)
1, xt(l)

2, ..., xt(l)
N where l=1, 2,…L-1 (5.3) 

Two parallel STTC encoders La and Lb are used at level L for generating STTCs 

which span through a group of N/2 transmit antennas. For example, STTC encoder La is 

used for generating STTCs which span through a first group of N/2 transmit antennas 

whereas STTC encoder Lb is used for generating STTCs which span through another 
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group of N/2 transmit antennas. The groups of antennas are defined using an adaptive 

antenna grouping algorithm as described below: 

• Calculate the instantaneous channel power gain between transmit antenna i and all 

the receive antennas. 

G
i
=∑ gℎ"2 g��26�   1≤ i ≤ N       (5.4) 

• Arrange the calculated values of G
i
 in an increasing order. 

• Select two antennas, denoted by u and v to form a first group of antennas. The 

antennas u and v are selected such that the total the instantaneous channel power 

gain of antennas u and v is maximum i.e.  

{u, v } = ��.7�	 ({Gu+ Gv}) 1 ≤  u, v ≤ N, u ≠ v    (5.5) 

• After, the formation of first group, second group is formed in the same way. The 

second group of antennas is formed by selecting next two antennas from the 

remaining transmit antennas. This procedure continues till all the transmit 

antennas are grouped.  

The antennas in each group changes dynamically with the change in CSI. The main 

purpose of adaptive grouping of transmit antennas at level L is to improve the 

performance of codes in comparison with codes designed based on predefined antenna 

grouping. The STTC encoder La output is given by  

S(La) = xt(La)
1, xt(La)

2, ..., xt(La)
N/2  (5.6) 

In the same way, STTC encoder Lb output is represented as  

S(Lb) = xt(Lb)
 N/2+1, xt(Lb)

 N/2+2, ..., xt(Lb)
N  (5.7) 

The output at level L, which is the combination of output of STTC encoders La and Lb, is 

given as:  

S(L)= xt(La)
1, xt(La)

2, ..., xt(La)
N/2,  xt(Lb)

 N/2+1, xt(Lb)
 N/2+2, ..., xt(Lb)

N (5.8) 
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Collectively, the outputs from L levels, S(1),...S(L), are input to a symbol translator. The 

translated symbols are denoted by 

B(1) = xt(1)1, xt(2)1...xt(La)
1  (5.9) 

B(N) =xt(1)N , xt(2)N ...xt(Lb)
N   (5.10) 

The N translated symbols are mapped to Mary-QAM signal constellations using a 

constellation mapper. The constellation mapper uses the ℳ-way partitioning strategy to 

map the translated symbols with the signal constellation as described in section 3.4.2. 

	 (1)	 in each translated output is mapped to the actual constellation points, while 	 (2) 
…	 (�) respectively are mapped to the subset centre points. The mapped symbols are 

weighted to provide the beamforming before transmission.   

The weighting coefficient for j th transmit antenna are given as  

 Ø2 = ℎ"2 (∑ gℎ"2 g�-26� )��/�        (5.11) 

The weights satisfy the power normalization constraint 

∑ gØ2g�-26� = 1          (5.12) 

The weighted symbols are then transmitted through N antennas. The symbol 

� 2 	transmitted at time t by the jth transmit antenna is given by. 

� 2 = Ø2{9�	 (1)2 + 9�	 (2)2 …9�	 +�(º),2} (5.13) 

where j = 1, ...,N, and d1, ..., dL are the subset distances corresponding to 	 (1), ..., 
	 (�). 
5.3.3. Multistage Decoding of WAGMLSTTCs 

The transmitted signals while travelling from transmitter to receiver are corrupted by 

Rayleigh fading. The faded and noisy signal received at the receive antenna i is given by 

� " = ∑ ∑ Ø2ℎ"2 	-26��L6� 9L		 (�)2 +	� "     (5.14) 
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The received signal is decoded by a multistage decoder employing two parallel 

decoders at final stage which is shown in figure 3.12. Viterbi algorithm is used by the 

multistage decoder to derive the branch metrics for each stage. At the 1st stage, the 

component code S(1) is estimated and the estimated value of S(1)  is passed to the second 

decoding stage to estimate the value of S(2.) Similarly, the decoder at final stage which 

comprises of two parallel decoders uses the estimated values of previous stages to 

estimate the values of S(La) and S(Lb). 

5.3.4 Branch Metrics Calculation for WAGMLSTTCs 

A system with four transmit antennas and a 16-QAM signal constellation partitioned 

in two levels have been used to evaluate the performance of WAGMLSTTCs. The STTC 

encoder at level 1 generate component STTC S(1) which spans all four transmit antennas. 

At level 2, two STTC encoders generate identical component STTCs, each spanning a 

group of two transmit antennas. The transmit antennas in each group are adaptively 

selected based on the CSI at the transmitter. The selected antennas in each group are 

determined by 

For Group 1: antennas {u, v} = ��.7�	 ({Gu + Gv} (5.15) 

where 1 ≤ u, v ≤ 4, u ≠ v  

For Group 2 antennas {y, z } = ��.({Gy + Gz}) (5.16) 

where 1 ≤ y, z ≤ 4, y ≠ z, argmax ({Gu + Gv}) > arg({Gy + Gz}) 

The received signal at the i th receive antenna at time t is 

� " 	= 4Ø2ℎ"2 
-

26� 9�		 (1)2 +	4Ø2ℎ"2 
-

26� 9�		 (2)2 +	� " 																																																(5.17) 
The conditional PDF of � "	conditioned on the channel matrix and encoder outputs is 

written as P(� |	 (1), 	 (2),… 	 (�), Ã ). In the 1st stage of decoding, the multistage 

decoder employing Viterbi algorithm is used to hypothesize the value of 	 (1). The value 
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of 	 (2) is unknown at this stage and therefore it is not considered while estimating the 

value 	 (1). Based on this assumption, the conditional PDF can be written as 

P(� |		 (1),Ã ) = 4 P �(L),L6�,�
(	 (2)	|		 (1), 	Ã )	P(� |		 (2), Ã )																																						(5.18) 

Each STTC encoder operates independently, therefore, 	 (1)  and 	 (2)	 are 

considered as mutually independent. It is also assumed that the channel is independent of 

the component STTCs and the probability of transmission of different component codes 

is same. Based on these assumptions, the equation 5.18 can be written as 

P(� |	 (1), Ã ) = 1+√2Å�^�, �	�
ABB
BBB
BBCÛ
		� " − ∑ Ü�����26Ö,0 9�		» �(2)2 −	∑ Ø2ℎ"2 26<,× 9�		» º(2)2 −∑ Ø2ℎ"2 -26� 9�		 (1)2 Û

�

2�^�

EFF
FFF
FFG									(5.19)		

Based on equation 5.19, the likelihood function for 	 (1)	is given by 

�+	 (1), = P(� |	 (1), Ã ) ∝ 	�	�
ABB
BBB
BBCÛ
		� " − ∑ Ü�����26Ö,0 9�		» �(2)2 −	∑ Ø2ℎ"2Î26<,× 9�		» º(2)2 −∑ Ø2ℎ"2 -26� 9�		 (1)2 Û

�

2�^�

EFF
FFF
FFG															(5.20)				 

Therefore, the branch metric for S(1) is given by 

max »��(�)∊¾ ��(�)¿ »�½(�)∊¾ �½(�)¿
4Ê		� " − 4 Ø2ℎ"2 26Ö,0 9�		» �(2)2 −	 4 Ø2ℎ"2 26<,× 9�		» º(2)2 		�
"6�

− 4ℎ"2 
-

26� 9�		 (1)2Ê� 																																																																													(5.21)	 
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In the second stage, one decoder is used to decode S(La) and another decoder is used to 

decode S(Lb) corresponding to group 1 and group 2 of the transmit antennas. The branch 

metric for component code S(La) is computed as 

max »�½(�)∊¾ �½(�)¿4Ê		� " − 4 Ø2ℎ"2 26Ö,0 9�		 �(2)2 −	 4 Ø2ℎ"2 26<,× 9�		» º(2)2�
"6�

− 4Ø2ℎ"2 
-

26� 9�		 À (1)2Ê� 																																																																										(5.22) 
Similarly, the branch metric for component code S(Lb) is computed as 

max »��(�)∊¾ ��(�)¿4Ê		� " − 4 Ø2ℎ"2 26Ö,0 9�		» �(2)2 −	 4 Ø2ℎ"2 26<,× 9�		 º(2)2�
"6�

− 4Ø2ℎ"2 
-

26� 9�		 À (1)2Ê� 																																																																													(5.23) 
5.3.5 Simulation Results for Performance Analysis of WAGMLSTTCs 

The performance of WAGMLSTTCs has been illustrated by using the signal 

constellation of 16-QAM partitioned in two levels with d2/d1=2. The FER performance of 

AGMLSTTCs obtained after the grouping the transmit antennas is shown in figure 4.2. It 

can be seen that AGMLSTTCs are superior to GMLSTTCs by about 1.5 dB at the FER of 

10-2. AGMLSTTCs are further weighted using the beamforming coefficients before the 

transmission to obtain WAGMLSTTCs.  

Figure 5.6 exhibits the FER performance comparison of WAGMLSTTCs and 

GMLSTTCs. It can be noted that the performance of WAGMLSTTCs is further improved 

by the adaptive weighting of the transmitting signals. The simulation results depict that 

the performance of WAGMLSTTCs is superior to GMLSTTCs by about 2.6 dB at the 

FER of 10-2 and M=2.  
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Figure 5.6: Performance comparison of WAGMLSTTCs and GMLSTTCs 

5.4 DESIGN AND ANALYSIS OF WAGMLDSTTCs 

With the objective to improve the error performance of WAGMLSTTCs, the CSI at 

the transmitter is also used for dynamic component code selection in WAGMLSTTCs. 

Therefore, the CSI is used for simultaneously providing the adaptive grouping of transmit 

antennas, beamforming, and dynamic component code selection in GMLSTTCs. The 

codes generated based on this optimum utilization of the CSI are referred to as 

WAGMLDSTTCs. The simulation results have shown that these codes provide 

significant improvement in error performance over WAGMLSTTCs, AGMLSTTCs, and 

GMLSTTCs in the quasi static Rayleigh fading channel conditions. 

5.4.1 System Model: WAGMLDSTTCs 

The system model for WAGMLDSTTCs, as shown in figure 5.7, comprises a system 

for WAGMLSSTCs and a component code selector for selecting the optimum generator 

sequences for generating the dynamic STTCs which are used as component codes.  
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Figure 5.7 System Model for WAGMLDSTTCs 

5.4.2 Encoding of WAGMLDSTTCs 

The input symbols are de-multiplexed into several independent data streams, with 

each stream encoded using a space-time trellis encoder. Each space-time trellis encoder 

uses optimum generator sequences selected using a code set selection algorithm. The 

outputs of the encoders are referred to as dynamic STTCs. The dynamic STTCs are 

mapped to new symbols from the enlarged constellation. These mapped symbols are 

distributed to different antenna groups where they are weighted, and then transmitted 

simultaneously. 

A (N, M, C) codeset selection scheme is used for selecting a codeset that matches best 

with the current CSI at the transmitter.  N represents number of transmit antennas, M 

represents number of receive antennas, and C represents number of predefined CSI at the 

transmitter. A predefined CSI represents one of the most frequent channel conditions 
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observed between the transmitter and receiver at different times. The predefined CSI is 

defined based on the channel power gain between all transmit antennas and all the receive 

antennas. The predefined CSI is selected based on the frequency of occurrence of the 

predefined CSI when channel is analysed randomly at different times. 

The steps of codeset selection algorithm are: 

• Calculate the sum of channel power gain between all the transmit antennas N and 

all the receive antennas M at current CSI. 

G=∑ ∑ gℎ"2 g��"6�-26�  1 ≤ i ≤ M, 1 ≤ j ≤ N      (5.24) 

• Compare power gain at the current CSI with power gains corresponding to a  

predefined CSI.  

• Select one of the predefined CSI which has power gain closest to the power gain 

of the current CSI. 

• Retrieve a code set with generator sequences corresponding to the selected 

predefined CSI. 

For example, a code set ±�²"	selected at the current CSI ci is given as 

±�²"	= [(³��,²", ³��,²", … ³�),²"), (³��,²", ³��,²", …³�),²"),  
…(³L�,²", ³L�,²", … ³L),²"),…	³��,²", ³��,²", … ³�),²"]     (5.25) 

where (³L�,²", ³L�,²", …³L),²")  is set of generator sequences for the STTC encoder l 

represented as: 

³L�,²" = [(.&,��,²" ….&,-�,²"), (.�,��,²" ….�,-�,²")… (.0�,��,²" ….0�,-�,²" ]     (5.26) 

³L�,²" = [(.&,��,²" ….&,-�,²"), (.�,��,²" ….�,-�,²")… (.0�,��,²" ….0�,-�,²" ) ]     (5.27) 

³L),²" = [(.&,�),²" ….&,-),²"), (.�,�),²" ….�,-),²")… (.0),�),²" ….0),-),²" )]   (5.28) 

where gµ,°�,¯°,  k = 1, 2, . . . ,m, j = 1, 2, . . . , νk, i = 1, 2, . . . , N, is an element of the 4-
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QAM  constellation set and νk is the memory order of the kth shift register. 

When these generator sequences are used by STTCs encoder, they generate dynamic 

STTCs. The encoders 1 to L-1 generate dynamic STTCs which span all N transmit 

antennas. The STTC encoder outputs for levels 1 to L-1 is given by 

�(�) = 	 ²"(�)�, 	 ²"(�)� …	 ²"(�)- where l=1, 2,…L-1       (5.29) 

Two parallel STTC encoders La and Lb are used at level L for generating dynamic 

STTCs which span through a group of N/2 transmit antennas. The STTC encoder La 

output is given by  

S(La) = 	 ²" (La)
1, 	 ²" (La)

2, ..., 	 ²" (La)
N/2      (5.30) 

Similarly, STTC encoder Lb ouput is given by 

S(Lb) = 	 ²" (Lb)
 N/2+1, 	 ²" (Lb)

 N/2+2, ..., 	 ²" (Lb)
N     (5.31) 

The output at level L, which is combination of output of STTC encoders La and Lb, is 

given as:  

S(L)= 	 ²" (La)
1, 	 ²" (La)

2, ..., 	 ²" (La)
N/2 , 	 ²" (Lb)

 N/2+1, 	 ²" (Lb)
 N/2+2, ..., 	 ²" (Lb)

N (5.32) 

The outputs from all L encoders, S (1)...S (L), are applied to a symbol translator. The 

translated outputs are denoted by 

M(1) = 	 ²"(1)�, 	 ²"(2)� …	 ²"(��)�       (5.33) 

M(3) = 	 ²"(1)- , 	 ²"(2)- …	 ²"(LÁ)-      (5.34) 

Collectively, the outputs from L levels, i.e. S(1),...S(L), are input in a symbol 

translator to generate N translated symbols which are mapped to Mary-QAM signal 

constellations using a constellation mapper. The constellation mapper uses the M-way 

partitioning strategy to map the translated symbols with the signal constellation. 

An example of ℳ way partitioning of 16-QAM signal constellation partitioned in two 

levels is illustrated in figure 5.8. The 16-QAM constellation is partitioned in subsets, each 

comprising four constellation points as shown by circle in blue color. 
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Figure 5.8: Constellation partitioning used in WAGMLDSTTCS 

Each subset of four points is further partitioned into four subsets, each subset 

comprising a single constellation point as shown by a dotted circle in figure 5.8. The 

Euclidean distance of level 2 (d2) is greater than the Euclidean distance of level 1 (d1). 

One or more number of component codes can be used for each partition depending on the 

number of encoders used at the corresponding level. The component code S(1) at level 1 

selects one of the subsets and the two component codes S(La) and S(Lb) select 

constellation points from the selected subset.  

The mapped symbols are then weighted and transmitted through adaptively grouped 

antennas. The symbol � 2 transmitted at time t and the CSI ci by the j th transmit antenna is 

given by	 
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� 2 = Ø2{9�	 ²"(1)2 + 9�	 ²"(2)2 …9�	 ²"(�º)2}       (5.35) 

where j = 1... N, and d1... dL are the subset distances corresponding to 	 ²"(1), ..., 

	 ²"(�). 
5.4.3.  Decoding of WAGMLDSTTCs 

The transmitted signals while traveling from transmitter to receiver are corrupted by 

Rayleigh fading. The faded and noisy signal received at receive antenna i is given by 

� " = ∑ ℎ"2 -26� � 2 +	� "         (5.36) 

In matrix form the received signal can be represented as: 

ABB
C � �� �⋮� �EFF

G = AB
BCℎ��Î ⋯ ℎ�-Îℎ��Î … ℎ�-Î⋮ ⋱ ⋮ℎ��Î ⋯ ℎ�-ÎEF

FG ABB
C� �� �⋮� -EF

FG 	+ 	 ABB
C� �� �⋮� �EFF

G
      (5.37) 

In compact form, the received signal is given as 

� = Ã � +	� 																																																																																																												 (5.38) 

Substituting equation 5.35 in equation 5.36  

� " = ∑ ∑ ØSℎ"2 -26��L6� 9L		 ²"(�)2 +	� "        (5.39) 

The received signal is decoded by a multistage decoder employing two parallel 

decoders at final stage as shown in figure 5.9. The Viterbi algorithm is used by the 

multistage decoder to derive the branch metrics for each stage. At 1st stage, the 

component code S(1) is estimated and the estimated value of S(1) is passed to the second 

decoding stage to estimate the value of �(2)	.  Similarly, the decoder at final stage which 

comprises of two parallel decoders uses the estimated values of previous stages to 

estimate the values of S(La) and S(Lb). 
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Figure 5.9: Multistage decoder for WAGMLDSTTCs 

5.4.4 Branch Metrics Calculation for WAGMLDSTTCs 

The branch metrics for each component codes are obtained similarly as described in 

section 5.3.4. The branch metrics for WAGMLDSTTCs have been calculated by 

replacing the predefined component codes with dynamic component codes. Therefore, the 

branch metric for the component code S(1) is given by 

max »��,·����∊È ��,·����É
 »�½,·����∊È �½,·����É

4Ê		� " K 4 Ü�����26Ö,0 9�		» �,²"�2�2 K	 4 Ø2�"2 26<,× 9�		» º,²"�2�2�
"6�

K 4Ø2�"2 
-

26� 9�		 ²"�1�2Ê
�
																																																																																																														�5.40�				 

In the second stage, one decoder is used to decode S(La) and another decoder is used to 

decode S(Lb). The branch metric for S(La) is given by 

max »�½,·����∊È �½,·����É4Ê		� " K 4 ����26Ö,0 9�		 �,²"�2�2 K	 4 �"2 26<,× 9�		» º,²"�2�2�
"6�

K 4�"2 
-

26� 9�		 ²ÌÍ�1�2Ê
�
																																																																																																																	�5.41� 
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The branch metric for S(Lb) is given by 

max »�����∊¾ �����¿4Ê		� " K 4 ØS����26Ö,0 9�		» �,²"�2�2 K	 4 ØS�"2 26<,× 9�		�m,ÝR�2�2�
"6�

K 4ØS�"2 
-

26� 9�		�ÝRÞ �1�2Ê
�
																																																																																																													�5.42�							 

5.4.5. Simulation Results for Performance Analysis of WAGMLDSTTCs 

The simulation results have been shown for WAGMLDSTTCs using four transmit 

antennas, 16-QAM signal constellation partitioned in two levels, and different number of 

receive antennas. Four different possible predefined channel profiles have been 

considered at the transmitter. The generator sequences for each encoder in the selected 

code set ±�²"	at predefined channel profiles are given in table 3.1.  

 

Figure 5.10: Performance comparison of GMLSTTCs, AGMLSTTCs, and 

WAGMLDSTTCs  



 

 

114 

  

Figure 5.10 exhibits the FER performance comparison of WAGMLDSTTCs, 

AGMLSTTCs, and GMLSTTCs. It can be noted that the performance of WAGMLSTTCs 

is improved by the using dynamic STTCs as component codes. The comparison results 

show that WAGMLDSTTCs are superior to GMLSTTCs and AGMLSTTCs by about 3.2 

dB and 1.6 dB respectively at the FER of 10-2 and M=2.  

5.5 COMPLEXITY CONSIDERATIONS 

The minimum complexities for MLSTTCs, GMLSTTCs, MLDSTTCs, and 

GMLDSTTCs have been calculated in section 3.6 and the table 3.2 presented their 

comparison based on different parameters. Similarly, in this section, the minimum 

complexities of AGMLSTTCs, WAGMLSTTCs, and WAGMLDSTTCs are calculated. 

AGMLSTTCs are designed by adaptive grouping of transmit antennas based on the 

CSI at the transmitter. As calculated in section 3.6, the minimum complexity for 

GMLSTTCs is 48. The adaptive grouping of the transmit antennas increases the 

complexity of AGMLSTTCs. For the system having four transmit antennas and two 

receive antennas, the calculation of power gain as given in equation 4.9 results in a 

minimum increase in the complexity by 4×2=8. The sorting the power gains using a 

merge sort algorithm increases the complexity by (n x log n) i.e. by 8. The formation of 

two groups of antennas increases the complexity by 2. Therefore, the minimum 

complexity for AGMLSTTCs is 48+ 8 +8+2=66. 

The complexity of WAGMLSTTCs is more due to weighting of the transmitting 

signals to provide the beamforming. For four transmit antennas, four beamforming 

coefficients needs to be calculated based on the CSI at the transmitter. Considering 

minimum complexity, there will be an increase in the complexity by 4 due to 

beamforming. Therefore, the minimum complexity of WAGMLSTTCs is 66+4=70. 
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Similarly, the complexity of WAGMLDSTTCs is more than WAGMLSTTCs due to 

the dynamic component code selection. As presented in the section 3.6, for the system 

having four transmit antennas and two receive antennas, the calculation of power gain 

results in an increase in the complexity by 8. For four predefined channel profiles, the 

comparison of total power gain G at the current channel profile with total power gains 

corresponding to the predefined channel profiles results in an increase in the minimum 

complexity by 16. Therefore, the minimum complexity for WAGMLDSTTCs for the 

system having four transmit antennas and two receive antennas is 70+ 8+16=94. 

Thus, the complexity of WAGMLDSTTCs is highest among all the presented codes 

but at the same time WAGMLDSTTCs provide the maximum coding gain. The table 5.1 

given below presents a comparison of different aspects of the GMLSTTCs 

AGMLSTTCs, WAGMLSTTCs, and WAGMLDSTTCs.  

Table 5.1: Comparison of GMLSTTCs, AGMLSTTCs, WAGMLSTTCs, and 
WAGMLDSTTCs (For L=2 levels, 16-QAM Constellation). 
    
Parameter/Criteria GMLSTTCs AGMLSTTCs WAGMLSTTCs WAGMLDSTTCs 

Constellation 
Partitioning  

ℳ-way 
partitioning 

ℳ-way 
partitioning 

ℳ-way 
partitioning 

ℳ-way partitioning 

Spectral Efficiency  6 bits/s/Hz  6 bits/s/Hz 6 bits/s/Hz 6 bits/s/Hz  

Channel State 
Information 

Perfect CSI at 
receiver only 

Perfect CSI at 
receiver and 
transmitter 

Perfect CSI at 
receiver and 
transmitter 

Perfect CSI at 
receiver and 
transmitter 

Minimum 
Computational 
Complexity 

48 66 70 94 

Transmit Antenna 
Grouping  

Predefined 
antenna 
grouping 

Adaptive 
antenna 
grouping  

Adaptive antenna 
Grouping 

Adaptive antenna 
Grouping 

Component Code 
Selection 

No, Predefined 
component 
STTCs used. 

No, Predefined 
component 
STTCs used. 

No, Predefined 
component STTCs 
used. 

Yes, Component 
STTCs are 
dynamically selected 
based on perfect CSI 
at transmitter. 

Beamforming  No No Yes Yes 
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5.6 SUMMARY OF THE CHAPTER 

In this chapter, improvement in the performance of AGMLSTTCs has been presented 

by employing a beamforming technique at the transmitter. The CSI at the transmitter has 

been utilized for adaptive grouping of the transmit antennas and providing beamforming 

for the transmitting signals to design WAGMLSTTCs. In the beamforming technique, the 

transmitting signals are multiplied with beamforming coefficients calculated with the help 

of the CSI at the transmitter. The simulation results have shown that WAGMLSTTCs 

outperform GMLSTTCs by 2.6 dB.  

The performance of WAGMLSTTCs has been further improved by using the CSI at 

the transmitter to dynamically select the component codes for multilevel coding. 

WAGMLDSTTCs have been presented which optimally utilize the CSI at the transmitter 

for grouping of transmit antennas, beamforming, and dynamic component code selection. 

The simulation results have manifested that WAGMLDSTTCs are superior to the 

GMLSTTCs and AGMLSTTCs by about 3.2 dB and 1.6 dB. Thus, WAGMLDSTTCs 

provide best performance over all other codes presented in the thesis. 
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CHAPTER 6 

CONCLUDING REMARKS AND FUTURE SCOPE 

 

6.1 CONCLUDING REMARKS  

The main aim of the research work presented in this thesis was to improve the 

performance of MLSTTCs and GMLSTTCs using CSI at the transmitter. This thesis has 

discussed and showed the use of CSI at the transmitter for dynamic component code 

selection, adaptive antenna grouping, and beamforming. In this research work, design and 

analysis of different dynamically grouped multilevel space-time trellis codes have been 

presented based on combination of MLSTTCs or GMLSTTCs with the CSI at the 

transmitter. The presented system models, mathematical expressions for branch metric 

calculation, and simulation results confirm that the use of the CSI at the transmitter can 

significantly improve the performance of MLSTTCs and GMLSTTCs.  

In the first approach, the CSI at the transmitter has been used for dynamic selection of 

the component STTCs. MLSTTCs and GMLSTTCs use predefined STTCs as the 

component codes in the multilevel coding. A code set selection algorithm has been 

proposed for dynamic selection of the optimum generator sequences with the help of the 

CSI at the transmitter. The selected generator sequences are used for designing the 

dynamic STTCs. The simulation results have shown that the coding gain of dynamic 

STTCs is superior to existing STTCs by 0.7 dB at FER of 10-2. Dynamic STTCs have 

been used as the component codes in multilevel coding for designing novel MLDSTTCs 

and GMLDSTTCs. It may be inferred from the simulation results that MLDSTTCs are 

superior to MLSTTCs by 1.1 dB at FER of 10-1 and GMLDSTTCs are superior to 

GMLSTTCs by 1.6 dB at FER of 10-2. 
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In the second approach, the CSI at the transmitter has been used for adaptive grouping 

of the transmit antennas. GMLSTTCs use static and predefined grouping of transmit 

antennas. In the presented research work, the performance of GMLSTTCs has been 

improved by performing adaptive grouping of the transmit antennas based on the CSI. An 

adaptive antenna algorithm is proposed for adaptive grouping of the transmit antennas. In 

the adaptive antenna grouping, instantaneous channel power gain is calculated between 

each transmit antenna and all the receive antennas. A subset of transmit antennas having 

maximum instantaneous channel power gain is selected to form a group of transmit 

antennas. Novel AGMLSTTCs have been designed by replacing the predefined antenna 

grouping in GMLSTTCs with adaptive grouping of the transmit antennas with the help of 

the CSI at the transmitter. From the presented results, it is evident that AGMLSTTCs are 

superior to GMLSTTCs by 1.5 dB at the FER of 10-2. 

In a third approach, the CSI at the transmitter has been used for providing beamforming 

for the transmitting signals by dynamically distributing the transmit power across the 

transmit antennas. In GMLSTTCs, the transmit power is equally distributed across all 

transmit antennas. The performance of GMLSTTCs has been improved by dynamically 

allocating the power to the transmit antennas. Novel WAGMLSTTCs have been 

presented by using the CSI for both the antenna grouping and weighting the transmitting 

signals. Finally, the CSI has been optimally used for simultaneously providing the 

adaptive grouping of the transmit antennas, beamforming, and dynamic component code 

selection. WAGMLDSTTCs have been designed by combining adaptive grouping of the 

transmit antennas, beamforming, and dynamic component code selection. It has been 

shown that the performance of WAGMLSTTCs is superior to GMLSTTCs by 2.6 dB and 

the performance of WAGMLDSTTCs is superior to GMLSTTCs by 3.2 dB.  Hence, it 

can be concluded that the proposed codes designed using the CSI at the transmitter 



 

 

119 

  

provide improved error performance in comparison to the existing multilevel codes. The 

proposed codes can be used to improve the performance of the wireless communication 

systems such as GSM, CDMA, TDMA, and FDMA. 

6.2 FUTURE SCOPE 

The advantages of using the CSI at the transmitter in MLSTTCs and GMLSTTCs 

have been demonstrated in the thesis, nevertheless, there is always scope for 

improvements. An objective for future work of the presented mathematical framework 

can be expanded by considering different channel models other than quasi-static Rayleigh 

fading channel model. For example, the performance of the proposed codes can be 

analyzed for Rician channel, Nagakami channel, and frequency selective channel. In the 

presented work, the multistage decoder has been used to minimize the probability of 

error. The minimum mean square error (MMSE) and iterative decoding can be 

investigated to minimize the probability of symbol error. Moreover, other research 

directions could be followed by considering higher size signal constellation e.g. a 32-

QAM or 64-QAM signal constellation can be used to further improve the data 

transmission rate to 8b/s/Hz. Another possibility is to develop other types of multilevel 

codes by using the component codes other than STTCs in multilevel coding. For example, 

other types of multilevel codes can be designed by using OSTBCs and SOSTBCs as 

component codes.  
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