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ABSTRACT

Universal filtered multi carrier (UFMC), a promising 5G waveform, is being widely employed

in short burst communications. The UFMC waveform merges the simplicity of orthogonal fre-

quency division multiplexing (OFDM) and robustness of filter bank multi carrier (FBMC). The

FBMC is also one of the popular 5G waveforms but suffers from long filter length. The UFMC

utilizes per sub-band filtering, whereas FBMC utilizes per sub-carrier filtering. Hence, the

UFMC system does not demand long filter length and successfully eliminates the out-of-band

(OOB) radiations. Also, UFMC does not use cyclic prefix like OFDM. So, UFMC provides high

spectral efficiency when compared to OFDM. Additionally, UFMC systems are more attractive

since they provide relaxation to carrier frequency offset.

In this thesis, we first analyze the performance of channel estimation techniques for UFMC

system. A comb type pilot-aided channel estimation that has pilot tones at the periodically-

located subcarriers is employed for UFMC system. The least-square (LS) and minimum-mean-

square-error (MMSE) techniques are applied to estimate channel characteristics at the receiver.

The MMSE technique can provide better estimation accuracy and BER performance than LS

technique. Although UFMC has attractive features, it suffers from high peak-to-average power

ratio (PAPR) like other multi carrier techniques. High PAPR reduces the efficiency of the power

amplifier and may cause degradation in the system performance. This problem is more impor-

tant in the uplink since efficiency of a power amplifier is critical due to limited battery power in

a mobile terminal. Hence, high PAPR increases energy consumption. Since energy efficiency is

one of the essential requirements of 5G, energy consumption should be minimum. Therefore,

there is a need to reduce PAPR in 5G UFMC systems.

An optimal hybrid transform is employed to reduce the PAPR of the UFMC system. The

proposed hybrid transform is the combination of modified exponential companding (MEC) and

clipping scheme. The MEC scheme employs two companding levels and one threshold param-

eter. Therefore, it can offer more design flexibility than other companding schemes. Moreover,

the performance analysis of various companding schemes for UFMC system is investigated.

The companding scheme that transforms the statistical distribution of UFMC amplitude signals

into quasiuniform distribution offers enhanced system performance when compared to other

companding schemes. Moreover, the combination of proposed companding and clipping fur-

ther reduces the PAPR of UFMC system. Additionally, the UFMC system with the proposed

hybrid schemes are verified by employing wireless open-access research platform (WARP) as

hardware over real time channel.
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A pilot-based time domain channel estimation (CE) along with PAPR reduction is pro-

posed for UFMC system. The pilots that are inserted in time domain not only estimate the

channel behavior but also can be used in the reduction of PAPR. For PAPR reduction, a linear

companding scheme, which can treat amplitudes of the UFMC signal separately with a different

scale, is proposed. The proposed companding scheme offers more design flexibility and better

performance gains by using two inflexion points. However, the proposed companding scheme

requires side information (SI) to perform de-companding at the receiver. The transmission of

SI decreases the data efficiency, so a pilot-assisted UFMC system that can perform both data

recovery and PAPR reduction without the requirement of SI transmission is proposed. Further-

more, a hybrid transform, which improves PAPR performance by employing clipping scheme to

the linear companded signal, is proposed. Moreover, the proposed joint time domain CE with

hybrid PAPR reduction scheme of UFMC system are validated over real time by employing

WARP board.

The UFMC waveform is combined with the massive multi-user multiple-input and

multiple output (MU-MIMO) technology to meet the desired needs of future wireless net-

works. A nonlinear quantized precoder called squared-infinity norm Douglas-Rachford splitting

(SQUID), which generates signals with constant envelope, is proposed. The proposed SQUID

precoder reduces the power consumption and MUI of UFMC based massive MU-MIMO sys-

tems. Moreover, a piecewise linear companding (PLC) scheme, which further reduces the PAPR

by employing two threshold values and one companding parameter, is also proposed. The pro-

posed UFMC based massive MU-MIMO with quantized nonlinear SQUID precoding provides

better performance than quantized linear precoders.
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Chapter 1

Introduction

1.1 Single carrier transmission

In wireless communication, the data can be transmitted by employing single carrier (SC)

modulation schemes and multi-carrier modulation schemes. The SC modulation schemes have a

long history and can be widely employed in various wireless communication standards, such as

1G, 2G, 3G, and uplink of 4G systems. Moreover, low PAPR can be achieved by implementing

these schemes; consequently, design complexity decreases. Thus, inexpensive devices can be

utilized for the design implementation. Also, SC schemes are less sensitive to carrier frequency

offsets, thus making time and frequency synchronization easy in wireless communication sys-

tems, particularly in point-to-point communications. Besides, the use of single-tap equalizers

makes the channel equalization simple at the receiver [1]. Hence, the SC transmission schemes

are still used in SC-FDMA (single carrier frequency division multiple access) system, which is

a promising 4G technology and can be employed in the uplink transmission of LTE (long term

evolution) standard.

In single carrier transmission scheme, the minimum bandwidth required to support the

symbol rate of Rs symbols per second is Nyquist bandwidth, i.e., Rs/2. It indicates that large

bandwidth is necessary to achieve high data rates in SC transmission schemes. Also, the channel

effect is compensated to a great extent by using equalizer at the receiver. However, large signal

bandwidth is required in this SC transmission scheme when symbol rate increases. When the

signal bandwidth of a wireless channel exceeds the coherence bandwidth, the channel suffers

from multi-path fading, thus resulting in inter-symbol interference (ISI). Adaptive equalizers are
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commonly used to address the ISI caused due to the time-varying multi-path fading channel. It

can be employed by the FIR (finite impulse response) filters with adaptive tap coefficients that

can be varied to minimize the effect of ISI. As the data rate increases, the equalizer requires

more taps to minimize ISI, thus increasing the complexity of the equalizer. Therefore, the SC

transmission scheme may be inappropriate to attain high data rates due to high complexity of

the equalizer in the receiver.

1.2 Multi carrier transmission

The multi-carrier transmission is a fine approach to attain high data rates and reduce the

complexity of the equalizer [2, 3]. In multi-carrier transmission, entire frequency band is di-

vided into many subcarriers and the wide-band signal is analyzed by splitting into a number

of narrow-band signals at the transmitter and synthesized at the receiver. Consequently, the

frequency selective wide-band channel is approximated as multiple frequency-flat narrow-band

channels, which in turn reduces the complexity of the equalizer at the receiver. Besides, as long

as the sub-channels are orthogonal, the inter-carrier interference (ICI) can be suppressed, thus

leading to distortion-free transmission. If each sub channel in the multi-carrier scheme is band

limited, it becomes a filtered multi-tone (FMT) transmission.

The FMT scheme, which is one of the multichannel systems, is used to separate the sub-

bands by employing filters to reduce the adjacent channel interference (ACI) at the cost of

spectral efficiency (SE) [4, 5]. Since there is no need of guard band in FMT, the number of

subcarriers is less than 64, so better SE can be achieved. The FMT scheme can handle the fre-

quency selectivity of the channel by employing individual higher quality filters, oscillators, and

more encoders/decoders for each sub channel. So, the implementation of FMT transmission

becomes hard when the number of subcarriers increases. The FMT can be employed as a trans-

mission technique in Terrestrial Trunked Radio II (TETRA-II) standard in the ETSI (European

Telecommunications Standards Institute).

Orthogonal frequency division multiplexing (OFDM), which is a well established multi

carrier modulation (MCM) scheme, offers a high data rate and ensures effective communica-

tion over frequency selective fading channels [6, 7]. The design complexity of the receiver

in conventional communication systems becomes high to handle the communication over fre-

quency selective fading channels. The OFDM efficiently handles this situation by converting

the frequency selective fading channel into narrow bandwidth flat fading channels. The flat
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fading channels make the receiver design simple to combat ISI by utilizing simple equalization

schemes. Unlike FMT, OFDM does not employ individual oscillators and band limited filters

for each sub channel. Moreover, the optimum spectral efficiency (SE) is accomplished by over-

lapping the sub-carriers that are orthogonal to each other over the symbol period. With these

attractive features, OFDM has been a popular scheme for wideband digital communications

[8, 9]. It is being implemented in WiMAX (IEEE 802.16), wireless LAN (IEEE 802.11a and

11g), and third generation partnership project (3GPP) long term evolution downlink systems.

Massive MIMO is a promising technology to improve the capacity, spectral efficiency, and

energy efficiency (EE) of multiuser networks by employing several hundreds of antennas at the

base station (BS). The capacity of the massive MIMO can be increased on the order of 10 times

or more and the radiated energy efficiency can be improved on the order of 100. The massive

number of BS antennas can be successfully employed to serve tens of user equipments (UEs)

simultaneously in the same frequency band.

1.3 Motivation

The 4G multi carrier OFDM is being employed in various applications in most of the

countries across the world. However, in the recent years, the data traffic is grown exponentially

due to the rapid growth of laptops, tables, smart phones, and other wireless devices, which can-

not be handled even by 4G. The demand for wireless data traffic would be even more in future.

The OFDM suffers from certain drawbacks, such as low bandwidth efficiency because of the

use of cyclic prefix (CP) per OFDM symbol, synchronization problems due to the orthogonality

mismatch, high out-of-band (OOB) radiations due to the utilization of rectangular filters, and

high peak to average power ratio (PAPR) because of multiple subcarriers that are added through

IFFT operations. Hence, OFDM may be inappropriate to meet the requirements of 5G. The

5G technology demands mobile data that is 1000 times more than the data required for 4G and

latency that is 1
5

th of the latency of 4G [10]. Besides, it demands high energy efficiency, low

signaling overhead, better security, and relaxed synchronization [11].

The 5G system is essential for providing significant wireless connectivity in Internet of

Things (IoT) and machine-type communication applications [12]. Hence, some alternate wave-

form contenders are required to serve 5G and beyond 5G (B5G) communications. Some of

the promising contenders are generalized frequency division multiplexing (GFDM), filter bank

multicarrier (FBMC), and universal filtered multicarrier (UFMC).
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The FBMC employs per subcarrier filtering, which reduces OOB emissions and elimi-

nates inter-carrier interference significantly [13]. Furthermore, FBMC need not require strict

synchronization and is also spectrally efficient since there is no use of cyclic prefix. However,

it requires long filter length due to the narrowband frequency response of a filter. Therefore, it

is not suitable for IoT and short burst communications [14]-[16]. UFMC, an alternative to both

OFDM and FBMC, is simple like OFDM and robust like FBMC. The spectral efficiency and

relaxation to carrier frequency offset are the attractive features of UFMC system. UFMC sys-

tem employs per sub-band filtering unlike FBMC. Hence, it does not require long filter length

and also reduces OOB radiations. So, it suits well for short burst communications [17]. The

performance of UFMC system is evaluated in terms of mean square error, bit-error-rate, and

PAPR.

1.4 Problem statement

The design of channel estimators is very crucial in wireless communications since the

mean square error (MSE) performance has a direct impact on receiver’s throughput in terms of

system BER performance. Hence, channel estimation should be carried out for UFMC system

in order to enhance the system BER performance.

High PAPR has always been a drawback in multicarrier systems as it reduces the efficiency

of power amplifier (PA) in the system. Power amplifier efficiency is an important parameter that

is directly related to PAPR. So, PA efficiency can be enhanced by diminishing the PAPR of the

UFMC signal to save power and cost of the system. Therefore, the PAPR of the UFMC system

should be reduced by employing novel PAPR reduction schemes.

Since massive MIMO is a potential technology to enhance the capacity, energy efficiency

(EE), and SE of multiuser networks by using more number of antennas at the base station, it is

expected that the combination of massive MIMO with multicarrier waveform schemes would

enhance the robustness of the system against the multipath fading channels. Hence, the UFMC

system is combined massive MIMO technology to attain the benefits of both UFMC and massive

MIMO systems.
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1.5 Research objectives

The main objectives of this thesis can be summarized as follows:

1. Channel estimation in UFMC system: To study and analyze the performance of various

channel estimation techniques. To extract the channel information by inserting a known

symbols into the data symbols using a comb type pilot arrangement. To propose least

square (LS) and minimum mean square error (MMSE) techniques in order to enhance the

MSE and BER performances of UFMC system.

2. Optimal hybrid schemes for PAPR reduction in UFMC system: To study and analyze

the performance of various companding schemes for PAPR reduction of UFMC system.

To propose a modified exponential companding (MEC) technique that transforms the

Rayleigh distributed UFMC signals into uniform distribution in order to reduce the PAPR

without increasing the average power of the signal. To propose an optimal hybrid trans-

form, in which clipping is employed on the MEC signal to further reduce the PAPR. Also,

to propose a new companding scheme that transforms the UFMC amplitude signals from

statistical distribution to quasi uniform distribution.

3. A joint time domain CE with PAPR reduction in UFMC system: To propose a joint

pilot-based time domain CE with hybrid PAPR reduction scheme for UFMC system.

Also, to present a linear companding (LC) scheme for reducing the PAPR of the UFMC

system.

4. A joint quantized precoding and PAPR reduction in massive MIMO-UFMC system:
To propose a UFMC based Massive MIMO systems in order to meet the requirements

of future generation wireless networks (5G and Beyond 5G). To propose a nonlinear

phase-quantized precoder called SQUID-UFMC that addresses the high PAPR problem

of massive MU-MIMO-UFMC downlink systems. Also, to present a PLC scheme to

further reduce PAPR of the proposed quantized massive MU MIMO-UFMC system.

1.6 Thesis organization

The thesis is structured into seven chapters. This section describes the outline of all.
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1. Chapter 1 This chapter illustrates the introduction, motivation, problem statement and

objectives of the research.

2. Chapter 2 In this chapter, an overview of UFCM system is discussed. The basics of chan-

nel estimation in UFMC system are defined and an overview of different channel estima-

tion and interpolation approaches in conventional OFDM system is presented. Besides,

the PAPR of the UFMC is described and the impact of PAPR on high power amplifiers

is illustrated. The generalized PAPR reduction schemes in traditional OFDM system are

also presented. Moreover, the basics of massive MIMO system are discussed. The pre-

coding and quantization methods in massive MIMO and OFDM based massive MIMO

systems are summarized.

3. Chapter 3 In this chapter, pilot based-channel estimators are analyzed. In pilot assisted

CE, different pilot arrangements are discussed and examined to choose an appropriate

pilot pattern for UFMC transmission. The comb type LS and MMSE techniques are

introduced for UFMC system.

4. Chapter 4 In this chapter, the nonlinear companding transforms to reduce PAPR in

UFMC system are investigated. A modified exponential companding transform, which

can use two companding levels based on a threshold value, is proposed. Moreover, an

optimal hybrid transform is also proposed to improve PAPR performance, where clipping

operation is employed on MEC signal based on an appropriate clipping threshold. Be-

sides, a companding technique based on error function is proposed and its performance

is evaluated and compared with various companding transforms, such as µ-law, A-law,

advanced rooting, hyperbolic tangent, and proposed companding technique. The per-

formance of the proposed system is verified by considering real-time indoor channel by

employing WARP hardware.

5. Chapter 5 This chapter introduces pilot-based time domain channel estimation (CE)

along with PAPR reduction for UFMC system. A linear companding transform that can

treat amplitudes of the UFMC signal separately with a different scale is proposed. Fur-

thermore, a clipping scheme is employed on the LC signal to further mitigate the PAPR of

the proposed system. The performance of the proposed system is verified by considering

real-time indoor channel by employing WARP hardware.

6. Chapter 6 This chapter proposes a combination of UFMC system with massive MIMO

technology to attain the benefits of both UFMC system and massive MIMO technology.

Also, a nonlinear quantized precoding that mitigates the PAPR of the proposed UFMC

based massive MIMO system is proposed. The mathematical modelling of the proposed
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quantized precoding of the massive MIMO-UFMC system is done. A piece wise linear

companding scheme is employed to further reduce the PAPR of the massive MIMO-

UFMC system.

7. Chapter 7 This chapter illustrates the conclusions of the work and summarizes the results

of all the objectives discussed in the earlier chapters and discusses the future scope of this

research concisely.



Chapter 2

Literature Survey

2.1 Introduction to Universal Filtered Multi Carrier System

The UFMC, a promising 5G waveform candidate, is a compromise between OFDM and

FBMC systems. It is simple like OFDM and robust like FBMC. The OFDM is not suitable

for cognitive radio applications due to the high OOB radiations in OFDM [18, 19]. Hence, the

reduction of OOB radiation by a factor of 100 is one of the significant performance indicators

of 5G technology. The UFMC employs per sub-band filtering that reduces OOB radiation

effectively [20]. The use of CP in OFDM to deal the multipath fading ISI reduces the spectral

efficiency, which is also one of the key requirements of 5G. Whereas high SE is achieved in

UFMC system due to the absence of CP. The strict synchronization of OFDM is also a drawback

of OFDM. The relaxation to carrier frequency offset is an attractive feature of UFMC system

[21]. Hence, the UFMC system efficiently addresses the shortcomings of OFDM.

The FBMC is also a potential 5G candidate that offers low OOB radiations, robust against

multipath fading. But the long filter impulse response makes the system more complex and

prevents its usage in tight latency constraints and sporadic traffics. The sub-band filtering in

UFMC has short filter impulse response, so system complexity decreases. Hence, UFMC can

be employed in short burst communications. Finally, it can be concluded that UFMC overcomes

the drawbacks of OFDM and FBMC effectively [22, 23].

8
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Figure 2.1: UFMC system model

2.2 UFMC system model

The block diagram of UFMC system model is shown in Fig. 2.1. Unlike OFDM systems,

the total bandwidth of UFMC system with N subcarriers is separated into M sub-bands. Each

sub-band of this model carries consecutive subcarriers. An orthogonal relationship is main-

tained between the subcarriers of each sub-band, which can suppress OOB emissions. Each

sub-band is modulated with relevant modulation schemes like PAM, PSK, QAM, etc. After

modulation, N-point IFFT operation is applied to convert the frequency domain signal into

time-domain signal. The mathematical representation of the above process is given in the fol-

lowing.

For an arbitrary pth sub-band Bp, where p ε (1 : M), the frequency domain signal Xp
k is

transformed to the time domain signal xp
n by the IFFT operation, and the expression is

xp
n =

1
N

∑
kεBp

Xp
k exp j 2π

N nk 0 ≤ n ≤ N − 1 (2.1)

Then the time domain signal xp
n is passed through a Dolph-chebyshev band pass filter with filter

length L. The filtering operation in UFMC system eliminate OOB emissions effectively. Now

the UFMC signal is obtained by applying linear convolution between the time domain signal xp
n

and filter impulse response fl. Therefore the length of UFMC symbol becomes N + L− 1. Then



10 Chapter 2, Section 3

the transmitted UFMC signal at the transmitter can be denoted as

sn =

M∑
p=1

bp
n 0 ≤ n ≤ N + L − 1 (2.2)

where M is total number of sub-bands and bp
n is the pth sub-band signal which can be given as

bp
n =

L−1∑
l=0

xp
n−l f p

l 0 ≤ n ≤ N − 1 (2.3)

where xp
n is the time domain N-IFFT signal given in (2.1) and f p

l is the lth filter coefficient can

be written as

f p
l = fl exp

j2πlCp
N 0 ≤ l ≤ L − 1 (2.4)

where N indicates IFFT size, fl is lth reference filter coefficient and Cp denotes center sub-carrier

index of pth sub-band.

Finally, the UFMC signal at the transmitter end is obtained by incorporating eq(2.3) and

eq(2.4) in eq(2.2) is

sn =
1
N

B∑
p=1

L−1∑
l=0

∑
k=Bp

Xp
k f p

l exp
j2π(n−l)k

N 0 ≤ n ≤ N + L − 1 (2.5)

Now the UFMC signal has been transmitted through a wireless channel. Then the received

signal rn can be expressed as

rn = sn + wn (2.6)

where wn is the channel noise with mean zero and variance one. The received UFMC signal is

transmitted through 2N-point FFT block to convert the time domain signal into the frequency

domain. Then frequency domain CE and MMSE equalization is employed for each subcarrier to

estimate the channel and eradicate inter-symbol interference, respectively. Finally, de-mapping

is performed on equalized output to retrieve the data bits.

2.3 Channel estimation

The channel estimation is one of the key performance parameters of any wireless com-

munication system [24]. As the transmitted signals are propagated through the channel, they

are altered by the three physical effects, such as reflection, diffraction, and scattering. Hence,
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Figure 2.2: Classification of channel estimation schemes

these signals arrive at the receiver from two or more paths. When signals coming from different

paths have same delay, they are added either constructively or destructively, thus resulting in

fading. When they have different delays, they emerge as signal echoes. The channel changes

over time due to the mobility of the transmitter, the receiver, and the scattering objects. So, the

received signal is distorted by the channel characteristics. Therefore, the estimation of channel

state information (CSI) becomes a requirement in the receiver in order to compensate the chan-

nel effect and retrieve the transmitted data bits [25]. The accuracy of CSI estimation at receiver

significantly influences the overall UFMC system performance.

Channel estimation can be categorized into three types as shown in Fig. 2.2. They are

training based, blind method, and semi blind method. Different aspects like computational

complexity, accuracy, and spectral efficiency must be considered to choose a proper channel

estimation type in multicarrier systems. The training based methods are simple and offer a

good system performance in terms of accuracy [26, 27]. However, these methods consume

bandwidth due to the frequent transmission of training data (i.e., pilots) to estimate the CSI

at the receiver. The use of more pilots improves the accuracy of the system but decreases the

spectral efficiency.

The blind type channel estimation techniques mostly depend on second order and higher

order statistics. It does not employ training symbols to estimate the channel impulse response.

Therefore, it offers better spectral efficiency when compared to the former one [28, 29]. How-

ever, the blind estimation methods are very complex and have slow convergence speed, large

computation, and poor portability. The semi blind estimation has the advantages of both train-

ing based and blind estimation [30]. It employs pilot symbols as well as statistical properties of

channel. Moreover, it offers better accuracy and spectral efficiency.
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2.4 Literature on channel estimation

In [31], the modified LS and MMSE estimators with the knowledge of channel statistics

for OFDM system in slow fading channels were proposed. The results show that the MMSE

estimate provides SNR gain ranging from 10-15 dB for the same MSE of LS estimate. But the

complexity of the MMSE estimate is more when compared to LS estimate.

In [32], a block oriented linear MMSE technique using only frequency correlation was

employed for OFDM system. It offers less complexity than the estimator with both time and

frequency correlation. The complexity of the LMMSE was further reduced by employing a

low-rank approximation scheme to LMMSE estimator. The simulation results confirm that the

MSE of the LMMSE with low-rank approximation is 1.5 times less than that of the LMMSE

with Wiener filter estimator of equal complexity.

In [33], a comb type optimal low-rank estimator was employed to reduce the complexity

of MMSE. Moreover, linear interpolation and second-order interpolation were employed to

estimate the data symbols at the receiver [34]. Results show that the second-order interpolation

offers better performance than linear interpolation.

In [35], a complete analysis of both comb type and block type pilot arrangements for

estimating the channel was provided. The performance of block type pilot arrangement was

evaluated by employing decision feedback equalizer in slow fading channel. The comb type

structure allows the tracking of fast fading channel. The LS and LMS (least mean square)

methods were employed to estimate channel at pilot carriers. Different interpolation techniques,

such as linear, spline, low-pass, and time domain were employed to estimate the channel at

data frequencies. Results show case that the comb type structure with low-pass interpolation

provides better performance than all other CE algorithms.

In [36], a sub-space based blind method was employed to estimate the channel. The CP

is used in OFDM transmitter to combat ISI. This redundant CP is used in order to estimate

the channel blindly. Therefore, there is no need of any further modifications in the OFDM

transmitter to estimate the CSI. Moreover, the performance of blind method is further improved

by employing training symbols. Since blind and training based methods are combined, the

proposed technique is called semi-blind method. Simulations prove that the sub-space methods

offer better performance, especially in time domain.
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In [37], a semi blind method, which employs first order statistics to estimate the impulse

response of the multipath fading channel, was proposed. A periodic training sequence is super-

imposed on the data sequence in each OFDM block to estimate the channel. Results confirm

that the semi blind method provides better MSE performance when compared to sub-space

method and LS scheme.

In [38], a robust channel estimator that uses the frequency domain and time domain cor-

relation functions to estimate the CSI in OFDM systems was proposed. The simulations show

that the robust estimator provides increase in SNRs of 2.5 dB and 1.5 dB at Doppler frequencies

of 40 Hz and 200 Hz, respectively.

The interpolation that is employed to estimate the channel at data frequencies in training

based methods, was proposed [35]. The Wiener interpolator provides good MSE performance

that depends only on the pilot density but not the pilot pattern. On the other hand, the Wiener

scheme may not be employed in practical scenarios due to high complexity. The linear and

spline interpolators are simple and can be used in practical scenarios. [39, 40]. The performance

of these interpolators depends on both pilot density and pilot pattern [41]-[44]. For instance,

when the channel fluctuates rapidly with a small delay spread, the insertion of more pilots in

time domain is more desirable than in frequency domain, and vice versa [45].

In [46], a time domain CE is performed for OFDM systems. It employs circular cross-

correlation to estimate channel impulse responses using training symbols. To improve the

accuracy of synchronization and channel estimate, a CIR search window approach was also

presented. The search window’s output can also be used to calculate channel’s delay spread.

The proposed CE offers near-ideal accuracy with low computational complexity.

A pilot based time domain channel estimator was employed for OFDM systems [47]. The

channel state information is accurately measured in time domain by employing cross correlation

between pilot carriers and received signal. Besides, the pilot pre FFT CE can accurately evaluate

the CIR at low SNR. The MSE of this pilot based time domain channel estimator is better than

conventional frequency domain LS and MMSE estimators.

A time domain CE model was developed for FBMC system [48]. The CIR is evaluated in

time domain by using frequency domain pilots. Two time domain estimators like weighted least

square and LMMSE were presented to improve the CE performance of the FBMC systems. In

comparison to traditional frequency domain approaches, the results confirm that the proposed

channel estimators are more robust to time synchronization errors.
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2.5 Peak to average power ratio (PAPR)

PAPR is a performance metric that can be used to evaluate the amplification efficiency of

PAs. High PAPR is one of the serious shortcomings of multi-carrier systems. It demands high

resolution quantizers, which increase the complexity at the receiver front end. Since high PAPR

may drive the transmit PA into saturation region, the power amplifier (PA) needs large input

backoff (IBO) to ensure the linear amplification [49]-[51]. As IBO increases, the PA requires

high power consumption, thus resulting in degradation of performance of PA. As a result, high

PAPR does not meet the energy efficiency requirement of 5G systems. So mitigation of PAPR

is one of the challenging problems in UFMC system. For continuous-time signal st, the PAPR

is nothing but the ratio of the maximum instantaneous power to the average power. The PAPR

of the discrete time UFMC signal sn can be given as

PAPR =
maxnε[0,1,2.......N+L−1]

{
|sn|

2
}

E
[
|sn|

2
] (2.7)

where E [.] denotes the expectation operator.

The PAPR has a significant impact on the performance of power amplifiers. Theoretically,

transmit power efficiency and PAPR [dB] are related as follows [52, 53].

η = ηmax10−PAPR/20 (2.8)

Here, η and ηmax denote the efficiency of PA and maximum efficiency of PA, respectively. The

maximum power efficiency of class A and class B power amplifiers are 50% and 78.5%, re-

spectively [54]. It is shown from Fig. 2.3 that high PAPR reduces the efficiency of power

amplifier. In practice, the PAPR is assessed using the empirical complementary cumulative dis-

tribution function (CCDF). The amount of CCDF reduction obtained decides the decrease in

PAPR. CCDF is nothing but the probability for which PAPR is greater than a specific PAPR

threshold PAPR0 (i.e., (Pr {PAPR > PAPR0})).

2.6 Non-linear power amplifier model

The PA is one of the most important components of wireless communications. It com-

pensates for the attenuation induced by free-space propagation. But, it is an analog component
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Figure 2.3: Relationship between PAPR and transmit PA efficiency.

and is naturally non-linear (NL) as the amplifier circuits are composed of active elements like

transistors, which are NL in nature.

Most of the radio systems have employed HPAs in the transmitter to achieve required

transmit power. The SSPA is one of the widely accepted models of HPAs and is advantageous

due to the utilization of Gallium Arsenide (GaAs) device technology. The GaAs based devices

employed in SSPA offer high power handling capability than Silicon based devices due to the

large energy band gap of GaAs material. According to the model [55], the complex envelope of

the SSPA input signal can be expressed as

gn (t) = |gn (t)| e jθn(t) (2.9)

and the output signal is expressed as

gno (t) =
a |gn (t)|[

1 +
(
|gn(t)|
Asat

)2pa
] 1

2pa

e jθn(t) (2.10)

where, Asat denotes the saturation level, a represents the amplifier gain, and pa is a random

positive integer that controls the nonlinearity of the amplifier. The SSPA produces only the

AM/AM conversion and no phase distortion (θn (t)=0). So, substituting θn (t)=0 in eq(2.10)

gives eq(2.11)

gno (t) =
a |gn (t)|[

1 +
(
|gn(t)|
Asat

)2pa
] 1

2pa

(2.11)
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Figure 2.4: Relation between input and output power characteristics curve

The operating point of the PA is to be kept below the saturation level. However, high peaks of

the transmitted UFMC signal switches the HPA into saturation region. Consequently, IBO is

required to shift the operating point from saturation region to linear region, as shown in Fig.

2.4. The IBO, which reduces nonlinear distortions in the transmitted signal can be represented

as

IBO =
A2

sat

Pin
(2.12)

where Pin = E
[
|gn (t)|2

]
is the average power of the input signal. On the other hand, the

higher IBO lowers the SSPA efficiency. Hence, the IBO must be chosen carefully to achieve

better BER performance without degrading power amplifier efficiency since there is a tradeoff

between low distortion and high SSPA efficiency.

2.7 PAPR reduction techniques

Several techniques have been employed to reduce PAPR in multi-carrier systems. The

PAPR reduction schemes can be mainly classified into different types, such as signal distortion,

multiple signaling and probabilistic, and coding techniques, as shown in Fig. 2.5 [56]-[58].
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Figure 2.5: Classification of PAPR reduction schemes

2.7.1 Signal distortion techniques

The signal distortion techniques, such as clipping and filtering [59, 60], peak windowing

[61], companding [62, 63], and peak cancellation [64] mitigate the PAPR by distorting the

UFMC signal sn before it transmits through the PA. These techniques significantly reduce the

PAPR, but they cause both in-band and OOB distortion, thus resulting degradation in BER.

Therefore, PAPR could be decreased at the cost of a tolerable increase in BER.

2.7.2 Multiple signaling and probabilistic techniques

Multiple signaling and probabilistic schemes function in two different ways. One way is

to produce multiple permutations of UFMC signal and broadcast the one with the lowest PAPR.

Another way is modifying the UFMC signal by shifting constellation points or introducing

phase shifts and adding peak reduction carriers. The probabilistic schemes, such as partial

transmit sequence (PTS) [65]-[67], selective mapping (SLM) [68, 69], tone injection (TI) [70,

71], and tone reservation (TR) [72, 73] schemes mitigate PAPR without degradation in BER
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and OOB distortion. However, these schemes need side information (SI), which decreases the

SE and increases the complexity of the sysetm as the number of subcarriers increases.

2.7.3 Coding techniques

The coding techniques aim to choose code words that can reduce or minimize PAPR.

These techniques do not suffer from in-band and OOB distortions but suffer from SE as the code

rate is reduced. Also, they increase the computational complexity of the system to determine the

best codes and include Golay complementary sequence [74], M-sequence or Hadamard code,

and Reed Muller code [75].

2.8 Literature on conventional PAPR reduction schemes

In [76], a uniform distribution method was employed to mitigate the PAPR of OFDM

signals. Also, a Lagrange multiplier (LM) optimization was used to reduce the number of iter-

ations that involved in the adaptive approach. Three different schemes, which employs clipping

followed by filtering, were employed to reduce the PAPR. Simulation outcomes show that the

proposed schemes with LM optimization provide better PAPR reduction than the adaptive iter-

ative clipping and filtering schemes without LM optimization.

In [77], the PAPR of OFDM signals was mitigated by employing two new peak windowing

techniques. In first method, the asymmetric windows for every peak are formed by varying the

window length sequentially. These asymmetric peak windows added together to smooth the

overall window function. In other one, the weighting coefficients for every peak were optimally

designed by employing the convex optimization algorithm. Simulations confirm that these two

approaches provide enhanced performance when compared to the existing schemes.

In [78], the peak cancellation schemes to mitigate PAPR of OFDM signals were theoret-

ically analyzed. Also, the performance of peak cancellation was analyzed in terms of in-band

and OOB distortions. The analytical approach presented in this paper was validated by the

simulation outcomes.

In [79], a precoding based advanced rooting companding scheme was presented to dimin-

ish the PAPR of UFMC signals. The precoding, which is also called pulse shaping technique,
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can effectively mitigate the PAPR. Hence, the combination of precoding with companding pro-

vides better PAPR reduction with slight degradation in BER. Various precoding schemes, such

as DFT, DCT, DHT, and DST, were employed to reduce the PAPR. The DFT-ARCT provides

improved performance characteristics in terms of PAPR and BER among these schemes.

In [80], a companding transform, which mitigates the PAPR of OFDM signals, was pre-

sented. A sophisticated theoretical performance analysis was carried out for OFDM systems.

Results confirm that the companding transform is simple and efficient scheme to reduce the

PAPR of multi carrier systems. However, the authors only considered the effect of quantization

noise and ignored the performance of power amplifier.

In [81], a companding scheme that transforms the statistical distribution of amplitude sig-

nals into quasi uniform distribution to reduce the PAPR of OFDM system with constant average

power level was proposed. Also, the performance of this transform was verified while con-

sidering the effect of solid state power amplifier (SSPA). Simulation outcomes show that the

companding transform offers good performance metrics in terms of PAPR reduction and BER,

even in the presence of SSPA.

In [82], a hyperbolic tangent (HT) companding that enlarges the small amplitudes and

reduces the peak amplitudes of OFDM signal was presented. The transfer curve of the com-

panding was expressed by a hyperbolic tangent function. It is noticed that the HT transform

provides better PAPR reduction, but it degrades the BER performance.

In [83], four companding schemes, such as linear nonsymmetrical transform (LNST), lin-

ear symmetrical transform (LST), nonlinear nonsymmetrical transform (NLNST), and nonlinear

symmetrical transform (NLST), were proposed for OFDM system. Among these, LNST offers

better BER characteristics and better PAPR reduction. However, LNST degrades the power

spectrum performance.

The SLM schemes are suffered from high computational complexity. To minimize the

complexity, a modified SLM technique was proposed to reduce PAPR of OFDM signal [84].

The time-domain signals are segmented and processed by utilizing Fourier transform properties

to provide large number of candidates with fewer IFFT blocks. As a result, the modified SLM

technique generates 4M4 candidates from M-IFFT operations. Results showcase that the mod-

ified SLM technique provides better PAPR reduction than other existing techniques. Besides,

the proposed SLM technique offers low computational complexity when compared to Swapped

SLM and CSLM schemes.
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In [49], a low-complexity PTS technique that significantly minimizes the computational

complexity was proposed to reduce the PAPR of OFDM signals. The dominant time-domain

samples were selected on the basis of rotating samples of IFFT (inverse fast Fourier transform)

sub-blocks to the local area, where the first block of IFFT was placed. Furthermore, the com-

putational complexity of PTS scheme was reduced by pre-excluding the phase rotating vectors

using the time-domain sample rotation method. Results show case that the proposed PTS tech-

niques offer approximately similar PAPR performance as that of the traditional PTS technique

with less computational complexity.

In [85], a low-complexity PTS technique was presented for PAPR reduction of UFMC sig-

nals. The sub-bands in the UFMC system were divided into multiple sub-blocks. To reduce the

complexity of the PTS scheme, the minimum peak amplitude that can be treated as a threshold

value was found out. Later, the signal samples that had amplitudes below the threshold were

canceled. This reduces the amount of time-domain samples that must be multiplied by the ap-

propriate phase-rotating vectors, and it can also be used to estimate the PAPR. Results prove

that the modified PTS technique provides nearly equivalent PAPR performance as that of the

traditional PTS scheme while significantly reducing the computational complexity.

In [86], an ACE technique, where convex optimization schemes and subcarrier grouping

are implemented for PAPR reduction of OFDM systems, was proposed. Unlike the conventional

ACE scheme, which involves intensive FFT/IFFT computation, the proposed ACE scheme is

realized simply to yield the optimal solution at a time. Consequently, the complexity of the

proposed ACE offers less complexity than conventional ACE schemes.

In [87], a TR scheme, which reduces the PAPR of the multicarrier system by using unused

or reserved tones, was proposed. Since an active set method converges quickly to an optimum

solution, it leads to low computational complexity. Tone injection is a potential candidate to

reduce the PAPR of OFDM system [88]. However, the injected signal raises the power of the

transmitted signal. Therefore, a hexagonal constellation method is employed to mitigate the

PAPR of OFDM signal without raising the signal power in the TI scheme.

The SLM scheme reduces the PAPR, but it needs the SI that increases the complexity

and reduces the SE. In [89], a blind SLM technique was proposed for OFDM system. In the

proposed scheme, the SI is obtained from pilot sub-channel responses. A low complexity SI

detection technique can efficiently perform data decoding and required SI is obtained from a

decision metric. Results confirm the proposed SI decoding scheme offers BER characteristics

similar to that of the ML decoding scheme.



Literature Survey 21

 

Figure 2.6: The Global growth of the number of active connected devices in the wireless ser-
vices

2.9 Introduction to Massive MIMO System

In wireless communication, the transmitted signals are attenuated by fading, which occurs

due to multipath propagation. Also, they are affected by shadowing, which occurs due to the

existence of large obstacles between the transmitter and receiver. Hence, achieving good re-

liability is a common challenge in communications. It is well known that a popular diversity

technique called MIMO is used to improve the reliability of the communication. Furthermore,

multiple streams can be sent out by using with multiple antennas; therefore, we can obtain a

multiplexing gain that significantly improves the communication capacity [90]. Moreover, the

use of multiple antennas at the transceivers can increase the SE, which is directly related to the

wireless throughput (bits/s) [91]. The throughput is nothing but the product of bandwidth and

SE of the system.

Nowadays, data traffic is growing exponentially because of the rapid growth of tablets,

smart phones, laptops, and other wireless data consuming devices, as shown in Fig. 2.6. By the

end of 2025, the number of connected devices will significantly increase and may reach around

39 billion. So, high capacity, high SE, high data rates, and high EE will be required [92].

Consequently, the future generation communication systems may demand new technologies in

the context of the MIMO schemes.

The massive MIMO, a large-scale MU - MIMO, is a potential technology for future wire-

less communications [93] and its model is shown in Fig. 2.7. The key concept in massive

MIMO is to equip more number of BS antennas that are employed to serve many users simulta-
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Figure 2.7: Massive MIMO system architecture

neously in the same frequency resource with no severe inter-user interference. Hence, Massive

MIMO fulfills all the requirements of 5G and B5G communications [94].

In massive MIMO, high data rates can be attained by employing an aggressive spatial mul-

tiplexing with no need of additional spectrum. Moreover, the implementation of large number

of antennas offers high spectral efficiency and large array gain. Since large array gain increases

the received signal strength, better coverage can be achieved [95]. Besides, each antenna at

the BS is implemented with an inexpensive hardware that requires simple signal processing

schemes and a low-power amplifier. Additionally, the use of precoding techniques can attain

near-optimal performance.

2.10 Precoding

Precoding is a beam forming concept in which multiple antennas facilitate multi-stream

transmission. It is an imperious method in massive MIMO systems to increase the throughput

and reduce the effects of path-loss and interference [96]. The precoding schemes are categorized

into two types, such as linear precoding and nonlinear precoding.
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2.10.1 Linear precoding

The basic linear precoder multiplies the transmitted signal S with the precoding matrix QB.

The linear precoding schemes include zero-forcing (ZF) [97, 98], maximum ratio transmission

(MRT), Wiener precoding (WF), and minimum mean square error (MMSE) precoding.

(i): ZF Precoding

The ZF precoding, one of the basic precoding techniques of massive MIMO system, is a

counterpart of channel inversion method. The ZF scheme reduces the interference caused by

the other users by pointing the transmitted signal beam into the intended user equipment while

nullifying directions of other located UEs. The ZF precoding is employed by multiplying the

transmitted data with the ZF precoding matrix that can be given as

QZF
B =

√
βaH∗

(
G−1
g

)
(2.13)

where Gg = HT H∗ denotes the Gram matrix, which becomes an identity matrix when the BS

antennas increases to infinity. As a result, computational complexity reduces.

yZF =
√
βa

√
PantHT H∗

(
G−1
g

)
s + w, yεCU×1 (2.14)

The performance of ZF precoder is close to optimal as the noise is trivial compared to the

interference. The ZF precoder is very simple to implement, but it doesn’t provide the optimal

results when noise is very high. However, it attains good performance metrics when SNR is

very high.

(ii): MRT Precoding

The MRT mainly aims to maximize the transmitted signal gain into a specific receive user

terminal and is the counterpart of the MF precoding and conjugate beamforming. The precoding

matrix of MRT scheme is represented as

QMRT
B =

√
βa (H∗) (2.15)
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where H∗ is the complex conjugate of H matrix and βa is a precoded factor. Then, the received

signal is given as

yMRT =
√
βa

√
PantHT H∗s + w, yεCU×1 (2.16)

where Pant represents the per antenna transmit power. The performance of MRT precoding is

close to optimal as the interference is trivial compared to noise. Besides, each BS antenna in

MRT performs signal processing locally. Therefore, it allows a decentralized construction, thus

leading to offer a more flexibility.

(iii): MMSE Precoding

The MMSE utilizes both the benefits of ZF and MRT schemes. So, it is a compromise

between them. The MMSE precoding reduces the MSE between the transmitted signal at the BS

and the received signal at the user terminal, thus achieving a better performance. The precoding

matrix of MMSE scheme is represented as

QMMS E
B =

√
βaH∗

(
Gg + V + λIN

)−1
(2.17)

The parameter λ and matrix V denote the positive regularizing factor and Hermitian non-

negative matrix, respectively. The parameter λ depends on the channel characteristics and sys-

tem dimensions. The matrix V decides the performance of the MMSE precoder. The received

signal of MMSE precoder is given as

yMMS E =
√
βa

√
PantHT H∗

(
Gg + V + λIN

)−1
s + w, yεCU×1 (2.18)

Although the linear precoders are low complex, precoding accuracy is not so good, especially

when B/U is close or equal to one. The ML precoder is the optimal precoder when compared to

other precoders, but its complexity increases exponentially when number of BS antennas (i.e.,

B) increases. Therefore, the ML precoders are not suitable to implement in massive MIMO

systems. The non linear precoding techniques include dirty-paper coding (DPC), tomlinson-

harashima (TH), vector perturbation (VP) precoding, and lattice reduction aided (LR) precod-

ing.

A massive MIMO system with more number of antennas increases the power consumption

and hardware cost when costly PAs are employed. Hence, it is essential to find a practical

solution to implement massive MU-MIMO systems [99, 100]. The massive MIMO systems are
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practically implemented by employing efficient nonlinear HPAs. Consequently, the PAPR of

the massive MIMO should be low to reduce the effect of amplifier non-linearity.

2.10.2 Literature on precoding techniques in Massive MIMO

The precoders in massive MIMO reduce interference, but it increases the PAPR of the

system. Since high PAPR reduces the efficiency of the HPA, low-PAPR precoders are desir-

able to increase the efficiency of the HPA. In [101], low-PAR precoders were implemented for

massive MIMO systems to increase the power efficiency. Moreover, the proposed low-PAPR

precoding was compared with the various precoders, such as ZF, regularized ZF, MRT, and

constant-envelope (CE) precoding schemes.

As the number of BS antennas increases, the complexity of the massive MIMO systems

increases, so the implementation of massive MIMO systems is a challenging task. Hence, 1-bit

digital-to-analog converters (DACs) were considered in [102] for the downlink massive MIMO

systems to attain low complex systems. It is the first work that consider 1-bit DACs along

with OFDM for massive MU-MIMO over frequency-selective channels. Also, the impact of the

quantization effects was analyzed. The low-complexity MRT technique was employed for user

separation and requires less signal processing operations than singular value decomposition and

zero forcing techniques. Results confirm that the nonlinear distortion levels decrease when the

number of BS antennas increases. Consequently, good performance is achieved even with 1-bit

DACs.

In [103], the authors mostly concentrated on the computational complexity of massive

MIMO systems. Hence, 1-bit quantized ZF precoding was employed for massive MIMO system

in order to reduce complexity and power consumption. With large number of antennas and an

accurate CSI, the proposed method generates received signals, which are perfectly detected like

the desired symbols at each UE. Results showcase that the proposed method provides better

performance than ML encoder, particularly at low to moderate SNRs.

A mathematical analysis of 1-bit quantized linear precoders for massive MU-MIMO

downlink systems was presented. The use of 1-bit DACs reduces the power consumption and

computational complexity at BS [104]. Bussgang theorem was used to analyze the performance

of 1-bit linear precoders, specifically the 1-bit quantized ZF precoder was analyzed. A sim-

ple asymptotic expression, which indicates SER at each terminal, was derived for 1-bit quan-

tized linear ZF precoder. Simulations confirm that the proposed scheme achieves slightly better
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performance when compared to non-linear least squares encoder for low to moderate SNRs.

Moreover, a modified quantized ZF precoder that provides lower SERs at high SNR was also

proposed.

The performance of linear precoders like MRT and ZF, subject to coarse quantization was

analyzed [105]. A closed-form approximation was derived by employing Bussgang’s theorem

that can be used to analyze the 1-bit ADC massive MIMO systems. The results show that the

performance of massive MIMO with infinite-resolution DACs is comparable to the DACs with

3-4 bits resolution. Moreover, a novel nonlinear precoding scheme with 1-bit quantization was

proposed for massive MIMO system. The proposed precoding provides better performance

than linear precoders, but it increases the computational complexity. In particular, the proposed

nonlinear precoding suffers only a 3 dB penalty when compared to the infinite-resolution case

at BER of 10−3, while it is about 8 dB in case of linear precoders.

In [106], an OFDM based down link massive MIMO systems were investigated. The

multi carrier OFDM system causes high PAPR that requires expensive RF components at the

BS. Therefore, low PAPR massive MU-MIMO-OFDM systems are desirable to reduce the com-

plexity and cost. So, a novel PMP scheme that jointly performs the multi user precoding, mod-

ulation (OFDM), and PAPR reduction was employed. The proposed PMP scheme maintains

a trade-off between SNR and PAPR performance for the OFDM based massive MU-MIMO

downlink systems. Numerical results show that PMP reduces PAPR by more than 11 dB when

compared to traditional precoding schemes with no significant OOB interference.

The constant envelope precoders are more favorable for massive MIMO systems to attain

high energy efficiency, especially when large number of antennas is used at base station. The

constant envelope approach reduces the MUI by varying the phases of the transmit signal. In

[107], a novel scheme that employs the cross-entropy optimization (CEO) technique to reduce

the MUI of the constant envelope algorithm was proposed. Simulation outcomes confirm that

the CEO technique provides better performance gains than the conventional constant envelope

precoding schemes and linear zero-forcing precoding scheme. On the other hand, the proposed

CEO technique suffers from high computational complexity than the sequential gradient descent

research scheme.

In [108], the constant envelope precoder was employed for massive MU-MIMO systems.

A computationally efficient optimization algorithm was employed to obtain the constant en-

velope precoded samples that reduce the PAPR of the massive MIMO signal. Besides, the

performance of the proposed scheme was analyzed by considering the power amplifiers. The
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results prove that the proposed precoder offers better performance in terms of signal to interfer-

ence plus noise ratio than ZF precoder by up to 5-6 dBs, when the power amplifiers are operated

in the saturation region.

The optimization problem of the non-linear mapping technique is shown as non-convex

due to 1-bit quantization. Hence, the conversion of non-convex optimization problem to convex

optimization problem is the primary goal in non-linear schemes. Thereafter, an element-wise

normalization was employed on convex constraints to assure 1-bit DAC transmission. In [109],

a symbol scaling approach, which provides low complexity and selects 1-bit quantized massive

MIMO signal from each antenna element, was proposed. In massive MIMO, all precoding

schemes offer low BER due to the large number of antennas at the base station. Generally,

the non-linear precoding techniques achieve low BER than linear precoding schemes. The

results confirm that the proposed approach attains an equivalent performance to the non-linear

optimization based algorithms. Additionally, the proposed symbol scaling method offers less

computational complexity than non-linear precoding techniques. The proposed scheme is more

flexible as there is a trade-off between performance and computational complexity.

2.11 Conclusion

From the literature survey discussed in above sections, Chapter 2 can be concluded with a

few major observations as follows:

The UFMC, a promising 5G technology, is a compromise between OFDM and FBMC.

The channel estimation and PAPR are the key performance indicators of any wireless commu-

nication system. Hence, the performance of UFMC system is analyzed by employing channel

estimation schemes and PAPR reduction schemes. The channel effect is estimated and com-

pensated by using pilot based CE schemes, which are simple and provides better estimation

accuracy when compared to blind channel techniques. The PAPR of the UFMC system is

reduced by employing companding transforms, which are simple and don’t require any side

information, but they affect the system performance. Consequently, the design of companding

transforms is the crucial task since trade-off exists among PAPR, BER and spectral regrowth.

Moreover, the combination of massive MIMO with UFMC system is a possible solution to meet

the desired requirements of future wireless communications (5G and beyond 5G). Besides, the

computational complexity and power consumption in massive MIMO systems are reduced by

employing the quantized pecoding schemes.



Chapter 3

Performance Analysis of Channel
Estimation Techniques

3.1 Introduction

Channel estimation is one of the fundamental design issues of wireless communication

system. In general the received signal is affected by channel characteristics. Hence, CSI de-

rived from CE is essential for receivers to perfectly recover the transmitted signals. The CSI is

efficiently extracted by employing known training symbols called pilot symbols that are known

to both transmitter and receiver. The pilot symbols that are inserted into the data symbols can

be used for CE.

Two popular pilot structures can be employed based on the arrangement of pilots as block

type and comb-type. In block type, the pilot symbols are inserted in few UFMC symbols on

all subcarriers periodically as shown in Fig. 3.1. The time domain interpolation is employed

to estimate the CSI along time axis. Whereas in comb type, pilot tones are inserted in few

subcarriers of all UFMC symbols periodically as shown in Fig. 3.2. The frequency domain

interpolation is employed to estimate the CSI along frequency axis.

The contents of this contribution are ordered as follows. The proposed UFMC system

model with CE is discussed in section 3.2. The proposed channel estimation schemes and

interpolation schemes are described in section 3.3. The simulation results of the proposed

system and conclusions are discussed in section 3.4 and section 3.5, respectively.

28
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Figure 3.1: Block type pilot structure.

 

Figure 3.2: Comb type pilot structure.

3.2 UFMC system model with channel estimation

The UFMC system with CE is described in Fig. 3.3. The entire bandwidth with N sub-

carriers of UFMC system is separated into M number of sub-bands. Each sub-band includes

consecutive subcarriers, which are modulated by employing QAM as a modulation scheme.

Then, the pilots are inserted in the frequency domain by employing comb-type pilot arrange-

ment to estimate the CSI at the receiver.
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Figure 3.3: UFMC system with channel estimation.

In each sub-band, the Nq pilot symbols are inserted uniformly into the modulated signal

Xk based on the following eq(3.1).

Xk = X[mN f +d] =


xq(m), d = 0

data, d = 1, 2, ...N f − 1
(3.1)

Where, Xk is the parallelized data, N f denotes the pilot insertion frequency, m = 0, 1, 2,...,Nq-1,

Nq is the number of pilot subcarriers that can be obtained as Nq = N
N f

, and N represents the

number of subcarriers.

The pilot aided frequency domain signal is passed through the N-IFFT block to attain the

time domain signal. For an arbitrary pth sub-band Bp, where p ε (1 : M), the frequency domain

signal Xp
k is transformed to the time domain signal xp

n by the IFFT operation, and the expression

is

xp
n =

1
N

∑
kεBp

Xp
k exp j 2π

N nk 0 ≤ n ≤ N − 1 (3.2)

Later, the signal xp
n is transmitted through a band pass filter (BPF). Here, Dolph-chebyshev

filter with filter length L is employed as a BPF. The filtering in the UFMC system eradicates

OOB radiations successfully. The UFMC signal with N + L − 1 symbol length is attained by

employing linear convolution between the filter impulse response fl and the IFFT signal xp
n .
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Then the UFMC signal can be mathematically expressed as

sn =
1
N

B∑
p=1

L−1∑
l=0

∑
k=Bp

Xp
k f p

l exp
j2π(n−l)k

N 0 ≤ n ≤ N + L − 1 (3.3)

where f p
l denotes the lth filter coefficient. Afterwards, the UFMC signal is passed through a

wireless channel. The received signal rn is written as

yn = sn ∗ hn + wn (3.4)

where wn denotes channel noise with mean of 0 and variance of 1. The time domain signal

is passed through the 2N-FFT block to obtain the frequency domain signal. After the FFT

operation the received output signal at the kth subcarrier can be represented as

Yk = XkFkHk + Wk (3.5)

where Xk, Fk, Hk, and Wk denotes the transmitted UFMC signal, Chebyshev filter response,

frequency response of channel, and channel noise of the kth subcarrier, respectively. The sig-

nal represented in the above eq(3.5) is a generalized representation of multi-carrier system.

The frequency domain channel estimation and equalization is performed for each subcarrier to

eliminate inter symbol interference in the signal. Finally the equalized output is de-mapped to

retrieve the data bits.

3.3 Channel estimation in UFMC

The received UFMC signal represented in eq(3.5) is almost same as the OFDM received

signal after FFT operation except FIR filter response in UFMC signal (i.e., it becomes a OFDM

received signal if Fk =1). The CE and equalization schemes of OFDM are applicable to UFMC,

except that the filter response in UFMC is additionally equalized. Hence, the filter response is

compensated immediately after 2N-FFT and then without any modification performs the chan-

nel estimation techniques similarly as in OFDM system, as shown in Fig. 3.4. Now the filter

response in eq(3.5) has to be compensated to get the channel estimates. Then the compensated

received signal is represented as

Y = XH + W (3.6)
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Figure 3.4: Channel estimation in UFMC.

3.3.1 Least square channel estimation

Least squares method is one of the channel estimation techniques to measure the channel

parameters at the pilot carriers. If the pilots are arranged properly then we can get the better

estimation in terms of mean square error. With respect to some performance measures the

equally spaced and equally powered pilot symbols gives the optimal performance. In eq(3.6),

W represents the noise that is random in nature and can be modeled as Additive White Gaussian

Noise (AWGN) with mean zero and variance σ2. Therefore, Y is also random with mean XH

and variance σ2. The log likelihood function L (Y; H) given the least square cost function as

L (Y; H) = ‖Y − XH‖2 (3.7)

‖Y − XH‖2 = (Y − XH)H (Y − XH) (3.8)

=
(
YH − HHXH

)
(Y − XH)

= YHY − YHXH − HHXHY + HHXHY + HHXHXH

= YHY − 2YHY + HHXHXH (∵ YHXH = HHXHY)

The LS estimate is obtained by minimizing the least square cost function i.e., min

‖Y − XH‖2. The minimum value is calculated by derivative the least square cost function with

respect to true channel parameter H and equate it to zero.

∂ ‖Y − XH‖2

∂H
= 0 (3.9)

Finally the estimate of LS technique is obtained as

HLS =
(
XHX

)−1
XHY = X−1Y (3.10)
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From eq(3.10), it clearly depicts that LS estimation is the simple division of the pilot tones

at output, affected by channel over pilot tones inserted at input. LS channel estimate of each

component is represented as HLS
k , where k = 0,1,2...,N-1. The channel estimate of LS at each

subcarrier is obtained by

HLS
k =

Yk

Xk
(3.11)

Channel parameters are estimated at the pilot subcarriers using eq(3.11). Besides, the interpo-

lation techniques are employed to get the channel estimates at data subcarriers. The MSE of the

LS estimator is given by

MS ELS = E
{(

H − ĤLS
)H (

H − HLS
)}

= E
{(

H − X−1Y
)H (

H − X−1Y
)}

= E
{(

X−1W
)H (

X−1W
)}

=
σ2
w

σ2
x

(3.12)

where σ2
w and σ2

x denote the variance of the channel and transmitted UFMC, respectively. The

MSE of LS estimatior in eq(3.12) is inversely proportional to signal to noise ratio (i.e., SNR=
σ2

x
σ2
w

) that increases the noise, particularly when the channel is in a deep null. However, the LS

technique is widely employed for CE due to its simplicity.

3.3.2 Minimum mean square error channel estimation

The accuracy of LS estimate reduces when noise is high as MSE is inversely proportional

to signal to noise ratio. Hence, MMSE is employed that minimizes the estimation error between

the true value and the estimated value. The error of the estimator is represented as

e = H − Ĥ (3.13)

where H and Ĥ are the true value and estimated values of the channel impulse response (CIR).

From Fig. 3.5, the estimated value of CIR is given in eq(3.14) as

Ĥ = WmH̃ (3.14)



34 Chapter 3, Section 3

Wm

+_H

Figure 3.5: MMSE channel estimation.

where W is the weight matrix that corresponds to the MMSE estimate. The MSE of the estimate

is represented as

E
{∥∥∥e2

∥∥∥} = E
{∥∥∥H − Ĥ

∥∥∥2
}

(3.15)

Then, the MMSE technique determines a better estimate by minimizing the MSE in eq(3.15) in

terms of Wm.

The multipath fading channel and the AWGN channel are independent to each other.

Hence, the channel estimate of MMSE is given as

ĤMMS E = RHYR−1
YYY (3.16)

where, RYY is the auto covariance of output Y , RHH is the auto covariance of true channel

parameter H, RHY is cross covariance of H and Y .

RHY = E
{
HYH

}
= E

{
H (XH + Wm)H

}
= E

{
HHHXH + HWH

m

}
= E

{
HHH

}
XH + 0

= RHHXH (3.17)

RYY = E
{
YYH

}
RYY = E

{
(HX + Wm) (HX + Wm)H

}
= E

{
HXHHXH + HXWm + WmHHXH + WmWH

m

}
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= E
{
HHH

}
XXH + 0 + 0 + E

{
WmWH

m

}
= XRHHXH + σ2

N IN (3.18)

If the auto covariance of H (i.e., RHH) and σ2
N are known, then the CIR of the channel can be

estimated by the MMSE scheme that is given below

ĤMMS E = RHYR−1
YYY

= RHHXH
(
XRHHXH + σ2

N IN

)−1
XHLS

ĤMMS E = RHH

(
RHH + σ2

(
XXH

)−1
)−1

ĤLS (3.19)

The MMSE estimator proffers enhanced performance gains than LS estimator, particularly at

lower signal to noise ratios.

3.4 Interpolation techniques

Interpolation technique is one of the essential operations in channel estimation. In comb-

type arrangement, the LS estimated CSI at the pilot positions must be interpolated in the fre-

quency direction in order to get the CSI at data positions. The interpolators, such as linear,

second-order, and cubic spline are generally employed for estimation. In linear interpolation

(LI), the CSI at the data positions are obtained by estimating CSI between the two adjacent

pilot positions that can be calculated simply by assuming a straight line between the two known

positions. The linear interpolation can be expressed as

ĤK = Ĥ
(
mN f + d

)
=

(
Ĥq (m + 1) − Ĥq (m)

) 1
N f

+ Ĥq (m) m = 0, 1, ....,Nq − 1 (3.20)

It can be seen from eq(3.20) that only two pilot symbols are employed in LI to estimate the CSI

at data symbols. Therefore, the computational complexity of LI is low, but the performance

of LI is not satisfactory. Second order interpolation that assumes second order curves to es-

timate the CSI between the two known positions and offers better accuracy than LI. It can be

mathematically represented as

ĤK = Ĥ
(
mN f + d

)
= v1Ĥq (m − 1) + v0Ĥq (m) + v−1Ĥq (m + 1) m = 0, 1, ....,Nq − 1 (3.21)
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The coefficients are described as

v1 =
αb(αb−1)

2

v0 = − (αb − 1) (αb + 1) , αb = d
N f

v−1 =
αb (αb + 1)

2
(3.22)

The higher order interpolation schemes offer better estimation accuracy when compared to first

order interpolation. But the computational complexity increases as the order of polynomial

increases. The cubic spline interpolation provides a better smooth and continuous polynomial

fitted to the given points and mathematically denoted as

ĤK = Ĥ
(
mN f + d

)
= j1Ĥq (m + 1) + j0Ĥq (m) + N f j1Ĥ

′

q (m + 1) − N f j0Ĥ
′

q (m) (3.23)

where m = 0,1,....,Nq-1, Ĥ
′

q (m) is the first order derivative of Ĥq (m), and

j1 =
3(N f−d)2

N2
f
−

2(N f−d)3

N3
f

j0 =
3d2

N2
f

−
2d3

N3
f

(3.24)

The cubic spline interpolation provides better estimation accuracy when compared to first and

second order interpolation schemes.

3.5 Performance evaluation

The performance of UFMC system that is shown in Fig. 3.3 is analyzed in terms of

BER and MSE. The sub-bands considered for computer simulations are M = 8, the number of

subcarriers in each sub-band is considered as 16, size of the FFT is N = 512, the number of

pilots in each sub-band are 2, so total pilots employed in the system are 16, and the filter length

is considered as 43. Quadrature amplitude modulation (QAM) and Phase shift keying (PSK)

are employed as modulation schemes for UFMC system.

Fig. 3.6 presents the BER performance of UFMC system for different orders of M-ary PSK

over AWGN channel. It can be observed from Fig. 3.6 that the BER performance deteriorates as
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Figure 3.6: Comparison of BER performance of UFMC system for different orders of M-ary
PSK over AWGN channel.
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Figure 3.7: Comparison of BER performance of UFMC system for different orders of M-ary
PSK over Rician channel.

the order of PSK increases. From Fig. 3.6, the BER of UFMC system for 4-PSK is 0.667×10−3

at SNR of 12 dB. While for 16-PSK, the BER is 8.07 × 10−2 at SNR of 12 dB.

Fig. 3.7 shows the BER performance of UFMC system for different orders of M-ary PSK

over Rician channel. It can be observed from Fig. 3.7 that the BER performance deteriorates as

the order of PSK increases. From Fig. 3.7, the BER of UFMC system for 4-PSK is 0.684×10−3

at SNR of 20 dB. Hence, the BER performance of AWGN channel is better when compared to

the rician channel.

Fig. 3.8 illustrates the BER performance of UFMC system for different orders of M-

ary QAM over AWGN channel. It can be observed from Fig. 3.8 that the BER performance

deteriorates as the order of QAM increases. From Fig. 3.8, the BER of UFMC system for

4-QAM is 0.543 × 10−3 at SNR of 12 dB. While for 16-QAM, the BER is 4.24 × 10−2 at SNR
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Figure 3.8: Comparison of BER performance of UFMC system for different orders of M-ary
QAM over AWGN channel.
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Figure 3.9: Comparison of BER performance of UFMC system for different orders of M-ary
QAM over Rician channel.

of 12 dB. It is evident from Figs. 3.6 and 3.8, that the BER performance of 16-QAM is better

than that of 16-QPSK.

Fig. 3.9 presents the BER performance of UFMC system for different orders of M-ary

QAM over Rician channel. It can be observed from Fig. 3.9 that the BER performance deteri-

orates as the order of QAM increases. From Fig. 3.9, the BER of UFMC system for 4-QAM is

0.684 × 10−3 at SNR of 20 dB. Hence, the BER performance of AWGN channel is better when

compared to the rician channel.

Fig. 3.10 and Fig. 3.11 illustrate the comparision of MSE performance of UFMC system

for LS and MMSE techniques over AWGN channel and Rician channel, respectively. It can be

concluded Fig. 3.10 and Fig. 3.11 that MMSE scheme provides better MSE performance than

LS scheme.
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Figure 3.10: Comparison of MSE performance of UFMC system for LS and MMSE techniques
over AWGN channel.
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Figure 3.11: Comparison of MSE performance of UFMC system for LS and MMSE techniques
over Rician channel.
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Figure 3.12: Comparison of BER performance of UFMC system for LS and MMSE techniques
over AWGN channel.
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Fig. 3.12 shows the comparision of BER performance of UFMC system for LS and MMSE

techniques over AWGN channel. The MMSE provides better BER characteristics when com-

pared to LS scheme. It can be observed from Fig. 3.12 that the BER of UFMC system with

proposed MMSE technique is 0.962 × 10−3 at SNR of 10 dB. Hence, it is confirmed from Fig.

3.8 and Fig. 3.12 that the proposed UFMC system with channel estimation offers better BER

performance when compared to UFMC system without channel estimation.

3.6 Conclusion

In this contribution, a comb type pilot structure has been employed to estimate and com-

pensate the channel for UFMC system. The performance of UFMC system has been analyzed

using different orders of PSK and QAM techniques over AWGN and multipath fading channels.

Besides, LS and MMSE estimation techniques have been employed to measure the channel esti-

mates at the receiver structure. The interpolation techniques, such as linear and spline have been

applied to estimate the channel at data subcarriers. The estimation accuracy of LS technique is

poor as MSE is inversely proportional to SNR. Whereas MMSE provides better accuracy when

compared to LS technique. However, the computational complexity of MMSE is high due to the

requirement of knowledge of channel statistics (KCS) parameters. Since LS method is simple,

it is widely used for CE. Finally, it is concluded that the proposed UFMC system with channel

estimation offers better BER performance when compared to UFMC system without channel

estimation.



Chapter 4

Performance Analysis of Various
Companding Transforms

4.1 Introduction

PAPR, which severely affects the performance of power amplifier [49], is one of the seri-

ous drawbacks of multi-carrier systems. Also, as high PAPR demands the large input backoff

and decreases the efficiency of the transmit power amplifier considerably, linear amplification

of the input signal must be ensured. Besides, high PAPR needs a high-resolution quantizer to

reduce quantization error and also introduces more complexity at the receiver front end. The

PAPR problem is more important in the uplink since efficiency of a power amplifier is critical

due to limited battery power in a mobile terminal. Hence, high PAPR increases energy con-

sumption, which should be minimum in 5G networks as energy efficiency is one of the essential

requirements of 5G. Therefore, there is a need to reduce PAPR in 5G UFMC systems.

To the best of authors’ knowledge, there has not been any significant work on the design

of non-linear companding transforms to reduce PAPR in UFMC systems. In order to maintain

a trade-off between the performances of PAPR and BER, companding transforms, which is one

of the most challenging task need to be developed.

41
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4.2 Nonlinear companding transform

Nonlinear companding is an efficient and simple technique to offer a low PAPR with no

need of side information. It decreases the PAPR by suppressing large signals and enlarging

small signals. Nevertheless, these schemes are characterized as distorting methods, which affect

the BER performance. Consequently, the design of companding techniques is a challenging task

as a trade-off between the PAPR and BER must be maintained.

The µ-law is the most popular nonlinear companding technique, and it is used to reduce the

PAPR of the proposed system. In this scheme, the small amplitude values of the real signal are

enlarged to decrease the variation between large amplitude values and small amplitude values

of the transmitted signal. The µ-law companding diminishes PAPR effectively. However, this

technique raises the average power level of companded signal. Therefore the improvement in

performance metrics might be of an enhanced average power level of the UFMC signal after

performing µ-law but not of companding function itself. Hence, new companding schemes are

required for UFMC system to reduce PAPR and keep the average power level as constant.

In this contribution, an exponential companding technique is employed for UFMC sig-

nals. This EC scheme can successfully transform the rayleigh-distributed UFMC signals into

uniform-distributed signals based on an optimum companding parameter d. Unlike µ-law com-

panding technique, which mainly concentrates on enlarging small amplitude signals and raises

the average power level, exponential companding technique alters both the small and large am-

plitude signals without bias and also maintains the constant average power level. Therefore, EC

scheme improves the PAPR reduction with a slight deterioration in the bit error rate for UFMC

system when compared to µ-law scheme.

To further improve the performance of UFMC system, we propose an optimal non-linear

companding transform called "modified exponential companding". The proposed scheme em-

ploys two companding levels in which the first level of companding is attained for the magnitude

of UFMC signal, which are below the threshold and the signals above the threshold are com-

panded with the second level. Simulation outcomes confirm that the proposed MEC method

offers enhanced PAPR and BER performance compared to the conventional EC scheme. A hy-

brid PAPR reduction scheme in which clipping function is performed on MEC signal based on

a suitable clipping ratio is also proposed. An enhanced UFMC system performance is achieved

in terms of net gain by adopting the proposed MEC and hybrid schemes.
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Figure 4.1: UFMC system model with companding

This contribution is organized as follows. Section 4.3 presents the UFMC system model

and PAPR of UFMC system. Section 4.4 discusses about the proposed companding schemes to

reduce PAPR in UFMC system. Section 4.5 illustrates the proposed MEC and hybrid schemes,

selection of optimum companding parameters, performance evaluation of the proposed EC,

MEC, and hybrid schemes, and demonstrates the experimental results of the proposed scheme.

Section 4.6 exemplifies the proposed nonlinear companding transform based on error function,

hybrid schemes, and performance analysis of proposed schemes for UFMC system and Section

4.7 describes the conclusions of this chapter.

4.3 UFMC system model with companding

A total of N subcarriers are present in the UFMC system as the UFMC system consists

of M sub-bands in which each sub-band contains consecutive sub-carriers is shown in Fig. 4.1.

The sub-bands are modulated by employing QAM. The QAM modulated signal is transformed

to time domain signal by performing IFFT operation on every sub-band of the UFMC system.

The mathematical modelling of UFMC system model is described as follows.

For an arbitrary pth sub-band Bp, where p ε (1 : M), the frequency domain signal Xp
k is

transformed to the time domain signal xp
n by the IFFT operation, and the expression is

xp
n =

1
N

∑
kεBp

Xp
k exp j 2π

N nk 0 ≤ n ≤ N − 1 (4.1)
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Then the time domain signal xp
n is passed through a Dolph-chebyshev band pass filter with filter

length L. The filtering operation in UFMC system eliminate OOB emissions effectively. Now

the UFMC signal is obtained by applying linear convolution between the time domain signal xp
n

and filter impulse response fl. Therefore the length of UFMC symbol becomes N + L− 1. Then

the transmitted UFMC signal at the transmitter can be denoted as

sn =

M∑
p=1

bp
n 0 ≤ n ≤ N + L − 1 (4.2)

where M is total number of sub-bands and bp
n is the pth sub-band signal which can be given as

bp
n =

L−1∑
l=0

xp
n−l f p

l 0 ≤ n ≤ N − 1 (4.3)

where xp
n is the time domain N-IFFT signal given in eq(4.1) and f p

l is the lth filter coefficient

can be written as

f p
l = fl exp

j2πlCp
N 0 ≤ l ≤ L − 1 (4.4)

where N indicates IFFT size, fl is lth reference filter coefficient and Cp denotes center sub-carrier

index of pth sub-band.

Finally, the UFMC signal at the transmitter end is obtained by incorporating eq(4.3) and

eq(4.1) in eq(4.2) is

sn =
1
N

B∑
p=1

L−1∑
l=0

∑
k=Bp

Xp
k f p

l exp
j2π(n−l)k

N 0 ≤ n ≤ N + L − 1 (4.5)

4.3.1 PAPR of UFMC system

The discrete-time UFMC signal at the transmitter end sn is sum of all independent random

subcarriers. Therefore, the UFMC signal can have high peak values, which results high PAPR

in UFMC system. The PAPR can be defined as

PAPR =
maxnε[0,1,2.......N+L−1]

{
|sn|

2
}

E
[
|sn|

2
] (4.6)

where E
[
|sn|

2
]

is the average power of sn.
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The input data symbols are assumed to be statistically independent and identically dis-

tributed (i.i.d). By the central limit theorem, the real and imaginary parts of the complex time

domain UFMC signal denoted by Re {sn} and Im {sn} are asymptotically Gaussian random vari-

ables for large values of N. The amplitude of UFMC signal can be represented as

|sn| =
√

Re2 {sn} + Im2 {sn} (4.7)

The amplitude of UFMC signals follows a Rayleigh distribution like OFDM signals. Then the

probability density function can be written as

f|sn |(x) =
x
σ2 exp

−x2

2σ2 0 ≤ n ≤ N + L − 1 (4.8)

The cumulative distribution function (CDF) can be obtained by integrating eq(4.8)

F|sn |(x) = P (|sn| ≤ x)

=

∫ x

0

x
σ2 exp

−x2

2σ2 dx (4.9)

On solving eq(4.9), The CDF is given by

F|sn |(x) = 1 − exp
(
−x2

2σ2

)
(4.10)

As PAPR is random, there is a need to estimate the statistical behaviour of PAPR. The CCDF

characterizes the statistical behaviour of PAPR. The CCDF is given by [26]

F|sn |(x) = P (|sn| > x)

= 1 − P (|sn| ≤ x)

= 1 − F|sn | (x)

= 1 −
(
1 − exp

(
−x2

2σ2

))
(4.11)

High PAPR is one of the most harmful aspects of any multicarrier system. Now, we have to

implement PAPR reduction techniques for UFMC system. To reduce PAPR of UFMC system,

the time domain UFMC signal has been transmitted through a companding block and then
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amplified by the high power amplifier. The companding function can be represented as

gn = t (sn) (4.12)

Now the companded signal has been transmitted through a wireless channel. Then the received

signal rn can be expressed as

rn = gn + wn

rn = t (sn) + wn (4.13)

where wn is the channel noise with mean zero and variance one. Now the decompanding opera-

tion can be performed to the received signal rn is t−1 (rn). The decompanded signal is transmit-

ted through 2N-point FFT block to convert the time domain signal into the frequency domain.

Then MMSE equalization is employed for each subcarrier to eradicate ISI. Finally, de-mapping

is performed on equalized output to retrieve the data bits.

4.4 PAPR reduction in UFMC system using companding

techniques

4.4.1 µ-law companding

The µ-law is a popular non-linear logarithmic based technique to reduce PAPR of multi-

carrier systems. The mathematical formulation of µ-law companding is represented as [18]

t(x) =
V

log(1 + µ)
log

(
1 + µ

|x|
V

)
sgn(x) (4.14)

where V = max (x) is the maximum amplitude of the UFMC Signal, µ is the companding level,

and sign(.) is the signum function. Then, at the receiver, decompanding is employed, which can

be given as

t−1(r) =
V
µ

[
exp
|r| log(1 + µ)

V
− 1

]
sgn(r) (4.15)
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4.4.2 A-law companding

The A-law companding is a standard nonlinear companding scheme that can be employed

for PAPR reduction in multicarrier systems. In A-law scheme, when companding parameter

A is greater than one (i.e., A > 1), the characteristic curve becomes nonlinear. The A-law

companding is mathematically represented as

t(x) =


A|x|

1+lnA sgn(x), 0 < |x| ≤ V
A

V
1+ln

(
A |x|V

)
1+lnA sgn(x), V

A < |x| ≤ V
(4.16)

where V , which is equal to max (x), denotes the peak amplitude of sn and sign(.) is the signum

function.

4.4.3 Hyberbolic tangent companding

In HT scheme, the transfer curve of the companding is expressed by a hyperbolic tan-

gent function. The PAPR is effectively reduced by altering the small and large amplitudes of

the transmitted signal based on the companding parameters. Additionally, HT scheme offers

constant average power like EC scheme. The HT function is mathematically formulated as

t (x) = sgn(x) Kσ
[
tanh

(
|x|
σ
− a

)
+ b

]
(4.17)

where tanh(.) is the hyperbolic tangent function, the terms a, b, and K are the companding

parameters that can be used to get the optimum performance. The parameter K can be denoted

as

K =
1√

E
{∣∣∣∣tanh

[
|x|
σ
− a

]
+ b

∣∣∣∣2} (4.18)

4.4.4 Advanced rooting companding technique

The ARCT scheme, which is also a nonlinear companding scheme, is the modified form

of the square rooting companding technique. It is mathematically defined as

t (x) = |x|R sgn (x) (4.19)
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where R denotes the companding parameter, which is nothing but the rate of change of am-

plitude of UFMC signal sn. The value of the companding parameter R decides the optimum

performance and lies between 0.1 and 0.9.

4.4.5 Proposed exponential companding

Exponential companding is also a nonlinear companding technique, which can efficiently

reduce the PAPR of UFMC signals. In EC technique, the statistical distribution of amplitude

of the UFMC signals is transformed into uniform distribution and maintains a constant average

power level. The EC technique also provides some relaxation on the linearity requirements of

HPA.

Let the dth power of the amplitude of companded UFMC signal have uniform distribution

in [0, ρa], where the term d is degree of an exponential companding. The PAPR will be reduced

for this scheme as all the amplitude values exhibit an equal probability. The dth power of

companded signal gn have a CDF which can be written as

F|gn |d(x) =
x
ρa

0 ≤ x ≤ ρa (4.20)

The probability distribution of amplitude of the companded signal |gn| can be written as

F|gn |(x) = P {|gn| ≤ x}

= P
{
|gn|

d
≤ xd

}
=

xd

ρa
0 ≤ x ≤ d

√
ρa (4.21)

The inverse function of F|gn |(x) is given by

F−1
|gn |

(x) = d
√
ρax 0 ≤ x ≤ 1 (4.22)

The companding function t (x) is a strictly monotonic increasing function, which can be denoted

as

F|gn |(x) = Pr {|sn| ≤ x}
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= Pr {t(|sn|) ≤ t(x)}

= F|gn | (t(x)) 0 ≤ x ≤ t−1( d
√
ρa) (4.23)

Consider the phase of input signals, the companding function t (x), which cannot affect the

phase given by

t(x) = sgn(x)F−1
|gn |

(
F|sn |(x)

)
= sgn(x) d

√
ρa

[
1 − exp

(
−x2

σ2

)]
(4.24)

The positive constant ρa decides the average power level of companded signal gn. To retain the

companded signal gn average power level is same as that of sn, we can described as

E
[∣∣∣s2

n

∣∣∣] = E
[∣∣∣g2

n

∣∣∣]

= E

[ρa

(
1 − exp

(
− |sn|

2

σ2

))] 2
d
 (4.25)

Now ρa is given by

ρa =


E

[∣∣∣s2
n

∣∣∣]
E

[[
1 − exp

(
−|sn |

2

σ2

)] 2
d

]


d
2

(4.26)

The companded signal gn is passed through the channel. At the receiver section first, we have

employed inverse operation of companding known as decompanding, on the received signal rn,

which can be mathematically represented as

t−1(r) = sgn(r)

√
−σ2 loge

(
1 −

rd

ρa

)
(4.27)

The exponential companding scheme can change both the large and small amplitude values and

also keep a similar average power by suitably choosing transform parameters. This technique

can reduce the PAPR of UFMC signal effectively than µ-law companding scheme. However,

there is a slight degradation in the BER performance compared to µ-law.
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4.5 Proposed modified exponential companding

In proposed MEC transform, a threshold parameter α is a pioneer in the companding

operation. Therefore, the UFMC signal is companded with d1 value below the parameter α

whereas d2 can be applied to the rest. With these modifications, the proposed MEC technique

provides optimum performance of both PAPR and BER with an appropriate selection of d1, d2

and the threshold α values based on the system requirements. Therefore, there is higher liberty

than the conventional EC scheme.

The mathematical modelling of the modified exponential companding transform can be

represented as 
t1(x, d1) = sgn(x) d1

√
ρa

(
1 − exp

(
−x2

σ2

))
|x| ≤ α

t2(x, d2) = sgn(x) d2

√
ρa

(
1 − exp

(
−x2

σ2

))
|x| > α

(4.28)

At the receiver section, the inverse companding transform is performed on the received sig-

nal rn. Now we have considered two possibilities, the first case is to perform decompanding

transform on the received signal rn and the other case is no decompanding at the receiver. The

decompanding transforms of t−1(r, d1) and t−1(r, d2) can be expressed as
t−1(r, d1) = sgn(r)

√
−σ2 loge

(
1 − rd1

ρa

)
|r| ≤ α

t−1(r, d2) = sgn(r)
√
−σ2 loge

(
1 − rd2

ρa

)
|r| > α

(4.29)

4.5.1 No decompanding (NDC)

Here, we have considered the case without decompanding transform at the receiver sec-

tion. The UFMC signal after companding transform gn, can be represented as a combination

of the attenuated UFMC signal and the noise component qn due to companding transform, as

expressed by

gn = ψsn + qn (4.30)

where ψ is an attenuation factor,which is given by [110]

ψ =
E

{
gns∗n

}
E

{
sns∗n

} =
1
σ2

∫ ∞

0
xt (x) f|sn |dx (4.31)

The companded signal gn average power can be expressed as

Pgn = Pψsn + Pqn = ψ2Psn + Pqn (4.32)
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consider that the average power levels of companded signal gn and sn are same in companding

operation

Pgn = Psn (4.33)

ψ2Psn + Pqn = Psn (4.34)

Pqn = Psn(1 − ψ
2) (4.35)

From eq(4.35) we can decide that ψ < 1 and ψ closer to 1, the average power of companding

noise qn will be smaller. Then the received signal rn with channel noise wn written as

rn = gn + wn (4.36)

The recovered signal s
′

n after decompanding at the receiver side is

s
′

n = υrn + q
′

n (4.37)

where υ = 1
ψ

and q
′

n = −
qn
ψ

, then

s
′

n =
1
ψ

(gn + wn) + q
′

n = s
′

n =
gn + wn

ψ
−

qn

ψ
= sn +

wn

ψ
(4.38)

eq(4.38) depicts that decompanding operation at the receiver amplifies channel noise wn to wn
ψ

.

No decompanding results that the equivalent noise is combination of companding noise qn and

the channel noise wn. Therefore, the equivalent noise with and without de-companding in the

proposed scheme can be written as wn
ψ

and wn + qn respectively.

Let ψ is an attenuation factor and it was calculated as ψ = 0.99 ( is close to 1). From

eq(4.38), we can say that the proposed NDC technique results in little companding noise.

Hence, we can conclude that the proposed MEC transform with no decompanding offers im-

proved BER performance.

4.5.2 Proposed modified exponential companding transform with

clipping scheme for UFMC system

A hybrid companding and clipping scheme is employed for UFMC system to reduce PAPR

further. The schematic structure of UFMC transmitter with a hybrid scheme is shown in Fig.

4.2. The clipping operation can be applied at the transmitter section only. From Fig. 4.2,
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Figure 4.2: UFMC transmitter with the proposed hybrid scheme.

clipping operation is employed based on an appropriate threshold level on the MEC at the

transmitter section whereas the receiver section remains unaltered.

The companded signal gn of UFMC sytstem is clipped using a soft limiter based on a

predefined threshold as

cn =

gn |gn| ≤ γ

γ exp jφn |gn| > γ
(4.39)

where cn is the clipped signal, φn = arg
[
gn

]
, and γ is the threshold level at which clipping is

applied on the companded signal. The clipping ratio (CR) is known as

CR =
γ√
Pavg

(4.40)

Where the term Pavg is characterized as average power of UFMC signal. The PAPR performance

has been improved further if companding scheme followed by clipping in hybrid technique. In

[111], the hybrid scheme is presented, which employs first clipping operation on the transmitted

signal and then companding scheme on the clipped signal. The data will be lost due to the

transmitted signal is clipped to an appropriate threshold level of γ in the first step. On the other

hand, our proposed hybrid model first employs the companding transform on the transmitted

signal and then clipping operation on the companded signal. The majority of signal peaks will

be compressed as companding is performed in the first step. Therefore, clipping operation at

the second step will not cause much amount of data loss.
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Figure 4.3: Comparison of BER performance of UFMC system for different orders of M-ary
QAM over AWGN channel.
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Figure 4.4: Comparison of CCDF curves for µ-law companding technique on different values
of µ.

4.5.3 Selection of optimum companding parameters for PAPR and BER

To evaluate the UFMC system performance in terms of BER, power spectrum, and PAPR

reduction of various companding techniques, we considered UFMC system, which is shown

in Fig. 4.1. The sub-bands considered for computer simulations are M = 10, the number of

subcarriers in each sub-band is considered as 20, size of the FFT is N = 1024, and the filter

length is considered as 40. QAM is employed as a modulation scheme for UFMC system.

Fig. 4.3 illustrates the BER performance of UFMC system for different orders of M-

ary QAM over AWGN channel. It is shown that as the order of QAM increases the BER

performance deteriorates. Fig. 4.4 shows the PAPR performance in terms of complementary

cumulative distribution function curves for different values of µ. The PAPR of original UFMC

signal is 11.9 dB at CCDF of 10−4, whereas µ-law provides PAPR values as 9.9 dB, 8.9 dB, 7.7
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Figure 4.5: CCDF curves of exponential companding technique for different values of d.
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Figure 4.6: Variation of BER on SNR of exponential companding scheme with decompanding
for different d values.

dB, 6.2 dB, 5.4 dB, and 4.4 dB at different companding levels of µ as 1, 2, 4, 10, 20, and 50

respectively. Therefore, PAPR can be reduced with increasing values of µ.

Fig. 4.5 shows the CCDF performance of exponential companding with different values

of d. As the degree of d increases, the PAPR performance of EC technique also increases like

µ-law technique. The PAPR values for proposed EC scheme are 7.24 dB, 4.99 dB, 4.47 dB,

3.89 dB, and 3.44 dB at different companding levels of d as 0.5, 1, 1.2, 1.4, and 1.8 respectively

at CCDF of 10−4.

In comparison with Fig. 4.4 and Fig. 4.5, the PAPR is reduced as increasing the values of

µ and d. It finds that the proposed EC scheme provides better PAPR performance at the values

of d 1, 1.2, 1.4, and 1.8 when compared to µ = 10 in µ-law. However, for d ≥1.4, there is a

slight improvement in PAPR reduction. Hence we need to determine the optimum choice of d,

which can achieve better BER performance.



Performance Analysis of Various Companding Transforms 55

0 5 10 15 20 25 30

SNR (dB)

10
-6

10
-4

10
-2

10
0

B
E

R

d=0.5

d=1

d=1.2

d=1.4

d=1.8

Figure 4.7: Variation of BER on SNR of exponential companding scheme with no decompand-
ing for different d values.

Fig. 4.6 presents the BER vs SNR curves of exponential companding scheme with de-

companding for various d values. It depicts that the BER is minimum at d = 1. Therefore, the

optimum choice of the companding parameter d is 1 to get better BER performance.

Fig. 4.7 exemplifies the BER vs SNR curves of EC scheme with NDC at the receiver for

various d values. Again it also depicts that the BER is minimum at d = 1. Hence, the optimum

choice of the companding parameter d is 1 to get better BER performance.

Similarly, to determine the optimum µ value, which can achieves minmum BER, Fig. 4.8,

presents the BER vs SNR curves of µ-law transform for various µ values. It clearly depicts that

BER is minimum for µ = 4. Hence, for µ-law scheme, the optimum value of µ is 4.

To determine the optimum companding parameters of the proposed MEC technique, Fig.

4.9 and Fig. 4.10, presents the PAPR and BER scatter plots for various values of d1, d2, and

α respectively. It clearly shows that PAPR is high at low values of BER and BER is high at

low values of PAPR. From scatter plots, we can realize that the optimum companding factors

of MEC scheme for better PAPR and BER are d1 = 1.9, d2 = 1, and α = 0.3.

4.5.4 Performance evaluation

In this section, we have compared the performances of the proposed modified exponential

companding scheme and hybrid schemes with exponential companding and well-known µ-law

schemes.
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Figure 4.9: Variation of PAPR for proposed MEC technique on different values of d1, d2, and α.
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Figure 4.11: Comparison of CCDF curves for original, clipping and various companding tech-
niques.

Fig. 4.11 depicts the performance of PAPR in terms of CCDF curves for various com-

panding techniques such as µ-law, EC, proposed MEC with and without decompanding, hybrid

scheme (MEC+clipping) with two clipping ratios, hybrid (clipping+MEC), original UFMC sig-

nal, and clipping scheme with clipping ratio of 1.5. It shows that the performance of PAPR is

better for proposed EC scheme when it is compared with µ-law. In addition to this, the proposed

MEC scheme proffers enhanced PAPR reduction than EC and µ-law techniques. Furthermore,

the proposed hybrid scheme provides enhanced PAPR reduction than MEC, EC, µ-law, and

clipping schemes. Moreover, the hybrid scheme (MEC+clipping) with the clipping ratio of

1.3 offers improved PAPR reduction when compared with the clipping ratio of 1.5, and hybrid

(clipping+MEC) scheme. Therefore, the proposed hybrid scheme with a clipping ratio of 1.3

can be employed in power-efficient applications.

Table 4.1 provides PAPR values for original UFMC signal and different companding

schemes at CCDF of 10−4. It clearly exhibits that the PAPR of original UFMC system is 11.9

dB, µ-law offers 7.89 dB while proposed EC, MEC, and the proposed hybrid schemes offer 4.98

dB, 4.48 dB, 3.973 dB with CR = 1.5, and 3.15 dB with CR = 1.3, respectively.

Table 4.2 illustrates the improvement of PAPR reduction for various companding tech-

niques with original UFMC signals at CCDF of 10−4. In comparison with original UFMC

signal, the well-known µ-law scheme provides an improvement in PAPR reduction about 4.09

dB, whereas EC transform provides about 7.02 dB, and the proposed MEC companding trans-

form provides about 7.52 dB. Further, the optimal hybrid technique offers an improvement of

8.03 dB and 8.85 dB when clipping ratios are to be 1.5 and 1.3, respectively.
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Table 4.1: PAPR values of original UFMC signal and several companding schemes

Original
signal

µ-Law
(µ=4)

Proposed
EC (d=1)

Proposed MEC
d1 = 1.9, d2 = 1
α = 0.3

Proposed
hybrid scheme
(CR=1.5)

Proposed
hybrid scheme
(CR=1.3)

PAPR in dB
at CCDF=10−4 11.9 7.89 4.98 4.48 3.973 3.15

Table 4.2: Improvement of PAPR reduction of several companding transforms with original
UFMC signal

µ-law EC MEC
Proposed Hybrid
scheme (CR=1.5)

Proposed Hybrid
scheme (CR=1.3)

PAPR in dB
at CCDF=10−4 4.09 7.02 7.52 8.02 8.85

Figure 4.12: Comparison of original UFMC signal waveform and various companded signal
waveforms (a) UFMC signal without companding (b) signal companded by µ-law with µ = 4
(c) exponential companded signal with d = 1 (d) signal companded by MEC scheme with d1 =

1.9, d2 = 1, and α = 0.3.
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Figure 4.13: Comparison of MEC companded signal waveform and the proposed hybrid signal
waveform for different clipping ratios (a) CR = 1.3 (b) CR = 1.5.
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Figure 4.14: Comparison of BER curves of the UFMC signal, clipping and various companding
techniques for 4-QAM under AWGN channel.

Fig. 4.12 shows the comparison of original UFMC signal waveform and various com-

panded signal waveforms such as µ-law, proposed EC and MEC techniques. The µ-law scheme

raises the average power level of a signal while proposed EC and MEC schemes maintain the

constant average power level. Fig. 4.13, shows the comparison of MEC companded signal

waveform and hybrid signal waveform. It shows that much amount of data is lost when the

clipping ratio is 1.3. Therefore BER performance was degraded for CR = 1.3. While for the

clipping ratio of 1.5, the data lost is minimum. So the performance of BER does not get affected

significantly.

Fig. 4.14 describes the performance of BER of the original UFMC signal, various com-

panding techniques such as µ-law, EC, proposed MEC with and without decompanding, hybrid

schemes, and clipping scheme for 4-QAM over AWGN channel. It can be seen that the per-

formance of proposed MEC scheme has improved when compared to EC technique, but it has
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Table 4.3: SNR values required for original and various companding schemes at BER=10−4

Original
UFMC
signal

µ-law
(µ=4)

Proposed
EC (d=1)

Proposed
MEC-NDC
(d1 = 1.9,
d2 = 1,
α = 0.3)

Proposed
MEC with
decompanding
(d1 = 1.9, d2 = 1,
α = 0.3)

Proposed
hybrid
scheme
(CR=1.5)

Proposed
hybrid
scheme
(CR=1.3)

SNR in dB
at BER=10−4 14 12.2 17.2 14.3 15.2 14.3 14.9
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Figure 4.15: Comparison of BER curves for original, clipping and various companding tech-
niques with SSPA under AWGN channel.

slightly degraded while compared with original UFMC system. Further, the proposed MEC

scheme with no decompanding function provides enhanced BER performance than proposed

MEC with decompanding function. The proposed hybrid scheme (MEC+clipping) affords al-

most similar BER performance with proposed MEC no decompanding when the clipping ratio

is to be 1.5 but it is slightly degraded when the clipping ratio is to be 1.3. Moreover, the pro-

posed hybrid schemes (MEC+clipping) offer superior performance when compared to hybrid

scheme (clipping+MEC) and clipping alone. Table 4.3 describes the required SNR values of

different companding schemes at BER of 10−4.

Fig. 4.15, illustrates the performance of BER for original UFMC signal,various compand-

ing schemes, and clipping scheme with considering the effect of solid-state power amplifier over

AWGN channel. Most of the radio systems frequently employ HPAs in the transmitter side to

acquire sufficient transmit power. The SSPA is one of the well-known models of HPA. It can be

recognized that the performance of BER is almost similar even in the existence of SSPA.

Fig. 4.16, presents the performance of BER of the original UFMC signal and various

companding techniques for 16-QAM over AWGN channel. It depicts that proposed MEC with
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Figure 4.16: Comparison of BER curves of the UFMC signal, clipping and various companding
techniques for 16-QAM under AWGN channel.
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Figure 4.17: Comparison of BER curves for original and various companding techniques under
Rician channel.

NDC and the proposed hybrid scheme with CR of 1.5 affords almost similar performance as

that of the UFMC signal.

Fig. 4.17, describes the performance of BER for original UFMC signal and various com-

panding techniques over multipath rician channel. It can be shown that the performance of

BER for the proposed MEC with NDC scheme is better when compared to all other schemes.

Hence, MEC with NDC scheme is robust in multipath fading channel. Fig. 4.18, illustrates

the performance of BER for original UFMC signal and various companding techniques over

multipath rician channel with considering the effect of a SSPA. It can be recognized that the

proposed MEC with NDC and hybrid scheme with CR=1.5 exhibits better performance than all

other techniques.
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Figure 4.18: Comparison of BER curves for original and various companding techniques with
SSPA under Rician channel.
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Figure 4.19: Comparison of power spectral density curves for original and various companding
techniques with SSPA.

Fig. 4.19 describes the PSD curves of various companding schemes and original UFMC

signal. Here we have considered the parameter pa of a solid-state power amplifier is 2 and an-

other parameter IBO is 5 dB [112]. To estimate power spectral density in MATLAB, we have

considered welch’s method with 50% overlap and windowing function is Hamming. It shows

that the µ-law technique produces both in-band and OOB distortions, whereas the proposed

MEC scheme produces only OOB distortion. The hybrid scheme also commences OOB distor-

tion due to the clipping function. The proposed MEC with NDC and hybrid scheme with CR of

1.5 affords enhanced PAPR performance, better BER performance, and fewer side-lobe levels.

Table 4.4 depicts the comparison of performance analysis of the UFMC system for vari-

ous companding transforms. The proposed MEC-NDC and hybrid scheme with CR = 1.5 offers

improved performance with net gains of 7.22 dB and 7.72 dB, respectively when compared to

conventional µ-law and EC schemes. Whereas, the proposed hybrid scheme with CR = 1.3 of-



Performance Analysis of Various Companding Transforms 63

Table 4.4: Comparison of performance analysis of the UFMC system for various companding
transforms for 4-QAM

Companding scheme
Reduction of
PAPR at
CCDF=10−4

Required
Additional
SNR values
at BER=10−4

net gain
(Reduction
of PAPR-
Additional SNR)

µ-law (µ=4) 4.09 -1.8 5.89
EC (d=1) 7.02 3.2 3.82
MEC-NDC (d1=1.9, d2=1, α=0.3) 7.52 0.3 7.22
Proposed hybrid (CR=1.5) 8.02 0.3 7.72
Proposed hybrid (CR=1.3) 8.85 0.9 7.95

Table 4.5: Performance Comparision of the proposed optimal transforms with existing com-
panding schemes in the literature for 16-QAM.

Companding Transform
Improved PAPR
reduction at
CCDF=10−3

Required
Additional
SNR Values
at BER=10−3

net gain
(Reduction
of PAPR-
Additional SNR)

µ-law (µ=4) 4 -1.5 5.5
EC (d=1) 6.52 6.5 0.02
Proposed MEC-NDC scheme 7.02 3.8 3.22
Proposed hybrid transform (CR=1.3) 8.4 1.5 6.9
Proposed hybrid transform (CR=1.5) 7.6 0.5 7.1
hybrid (clipping+MEC) (CR=1.5) 7.7 5.5 2.2
DFT-ARCT (R=0.4) [79] 7.3 3 4.3
DFT-µ-law (µ=50) [79] 8.3 5.5 2.8
ICF-ENC (γ=1.5) [113] 7.2 1.5 5.8
ENC (v=0.72) [113] 7.3 3.5 3.8
µ-law (µ=2) [114] 3.6 2.3 1.3

fers superior performance with a net gain of 7.95 dB when compared to all existing companding

schemes.

The proposed optimal hybrid transforms are compared with various companding schemes

in the literature, such as DFT-ARCT and DFT-µ-law [79] of UFMC system, ICF-ENC (Iterative

clipping and filtering-enhanced nonlinear companding) and ENC [113] of OFDM system, and

µ-law [114] of OFDM system, as illustrated in Table 4.5. It is evident that from Table 4.5, The

proposed hybrid scheme with CR = 1.3 offers improved PAPR reduction of 8.4 dB at CCDF

= 10−3 when compared to other companding schemes. Moreover, the required additional SNR

value of the proposed hybrid scheme with CR = 1.5 is 0.5 dB at BER = 10−3, which is minimum

when compared to other companding schemes. Hence, the proposed hybrid scheme with CR =

1.5 offers enhanced system net gain of 7.1 dB when compared to various companding schemes.
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Figure 4.20: Experimental arrangement using WARP V3 kit.

4.5.5 Experimental results

The wireless open-access research platform (WARP) V3 hardware is used to conduct the

real time experiments. The physical layer algorithms are modeled in WARPLab framework

[115] with the combination of MATLAB and the features of WARP V3 board. The WARP node

contains 2 identical RF interfaces, which are named as RF A and RF B. In this experiment, the

interfaces RF A and RF B are used as transmitting and receiving antennas, respectively. Each

RF interface that is used in the kit possesses a 2.4/5 GHz transceiver and the RF bandwidth of

40 MHz.

The Ethernet switch is used to connect WARP node to a host PC. The WARPLab frame-

work provides the software that is used to upload the MATLAB simulation programs to FPGA

buffers. To broadcast the samples from transmitting antenna (RF A) to the receiving antenna

(RF B), the host PC activates the hardware WARP node by transmitting a trigger signal. The

baseband samples are converted to RF signal by the up-conversion at the transmitter and the

received RF signal is converted to baseband samples by the down-conversion at the receiver.

Finally, the received baseband samples are loaded to the MATLAB and operated in MATLAB

workspace on host PC.

The experimental arrangement of the proposed UFMC system using WARP V3 kit is il-

lustrated in Fig. 4.20. The transmitted UFMC signal without PAPR reduction, MEC, and the

proposed hybrid signals are depicted in Fig. 4.21. It can be observed from Fig. 4.21 (a), a few

samples possess high amplitude, which can raise the PAPR of the UFMC system. Also, these

high peaks drive the PA into saturation region that degrades the system performance. Hence, the

PAPR of the UFMC system has to be reduced by applying optimal companding schemes. From

Fig. 4.21 (b) and (c), the time domain MEC and hybrid (MEC+clipping) waveforms describe

that the significant PAPR reduction is attained over real time channel. The results validate that
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Figure 4.21: Real time transmitted UFMC signal, MEC, and hybrid signal with CR=1.5 (a)
Transmitted UFMC signal without companding (b) MEC signal (c) Proposed hybrid signal.

 

Figure 4.22: Transmitted and received power spectrum by using hardware.

the proposed hybrid scheme offers better PAPR reduction when compared to MEC scheme and

the transmitted UFMC signal. The power spectrum of the transmitted and received signals is

illustrated in Fig. 4.22. It can be clearly noticed from Fig. 4.22 that there is no remarkable

distortion between transmitted and received spectrum.

4.6 Proposed nonlinear companding transform based on

error function for UFMC system

In the proposed companidng scheme, the nonlinear companding transform is employed

to reduce the PAPR of the UFMC system. The NCT scheme transforms the UFMC amplitude

signals from statistical distribution to quasi-uniform distribution. The companding function is
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mathematically given below.

t (x) = β1.er f (β2x) (4.41)

Here, er f (x) =
(

2
√
π

) ∫ x

0
e−t2dt denotes the error function. β1 and β2 are the companding parame-

ters, which play a key role in the transformation of UFMC signals. The companding parameters

can be properly chosen to get an optimum performance. Hence, this companding scheme is

flexible and the signal power cannot change after performing companding transform.

4.6.1 Proposed hybrid technique (NCT + clipping)

The combination of NCT and clipping in UFMC system reduces PAPR furthermore. The

block diagram of the proposed hybrid scheme is shown in Fig. 4.2. The clipping is applied on

the proposed companded signal by using an appropriate CR. The companded signal is clipped

based on a clipping threshold as given below.

cn =


gn, |gn| ≤ δ

γ exp jφn , |gn| > γ
(4.42)

Here, cn denotes clipped signal, γ is the clipping threshold, and φn = arg
[
gn

]
. The CR is

mathematically calculated as

CR =
γ√
Pavg

(4.43)

where Pavg is average power of UFMC signal.

The hybrid model presented in [111] employs companding scheme on the clipped signal.

Hence, clipping of the transmitted signal by using proper clipping threshold at first stage itself

results in data loss. Whereas the proposed hybrid transform employs clipping on the companded

signal. Therefore, the signal peaks of the transmitted UFMC signal are compressed due to

companding at the first stage. Hence, the data loss is minimum as clipping is performed at

second stage.

4.6.2 Choosing optimum parameters for the proposed hybrid scheme

In this section, the optimum parameters of the UFMC system with the proposed hybrid

scheme are determined. The sub-bands, sub-carriers in every sub-band, filter length, and the

FFT length are considered as 9, 16, 40, and 512, respectively, in simulations.
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Figure 4.23: BER curves of the proposed companding scheme on various values of β1.
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Figure 4.24: PSD curves of the proposed companding scheme on various values of β1.

Fig. 4.23 shows the BER curves of the proposed companding scheme for various values

of β1. As the companding parameter β1 increases, the BER performance increases. Fig. 4.24

depicts the PSD curves of the proposed companding scheme for various values of β1. It is

observed from Fig. 4.24 that the PSD performance is better at lower values of β1. As β1

increases, the companding scheme produces in-band and OOB distortions. Therefore, it can be

concluded from Fig. 4.23 and Fig. 4.24 that the optimum value of β1 is 0.8.

Fig. 4.25 depicts the CCDF curves of the proposed companding scheme for various values

of β2. At CCDF of 10−4, the proposed companding offers PAPR of 10.2 dB, 8.1 dB, 6.8 dB,

5.8 dB, and 4.9 dB at various companding levels of β2 of 0.5, 0.8, 1, 1.2, and 1.4, respectively.

Hence, the performance of PAPR can be improved by increasing β2.

Fig. 4.26 shows the BER characteristics of the proposed companding scheme for various

values of β2. It is obvious from Fig. 4.26 that the BER performance of the proposed scheme

with no decompanding can be improved at β2 = 1.4. Therefore, from Fig. 4.25 and Fig. 4.26,

both PAPR and BER performances become better as the companding parameter β2 increases.
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Figure 4.25: CCDF curves of the proposed companding scheme on various values of β2.
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Figure 4.26: BER curves of the proposed companding scheme with no decompanding on vari-
ous values of β2.

Since it is difficult to find out the optimum parameter from PAPR and BER performance, the

optimum value of β2 is obtained from the PSD performance.

Fig. 4.27 depicts the PSD curves of the proposed companding scheme for various values

of β2. It is observed from Fig. 4.27 that the PSD performance is better at lower values of β2. As

β2 increases, the companding scheme exhibits both in-band and OOB distortions. Also, it can

be concluded from Fig. 4.27 that the average power of the proposed companded signal is same

as that of the original UFMC signal at β2 = 1.4, whereas the average power of the proposed

companded signal increases and is more than the average power of the UFMC signal when β2 is

greater than 1.4 (i.e., β2 > 1.4). Hence, the optimum value of β2 is 1.4. Finally, it is concluded

that the optimum values of β1 and β2 of the proposed companding scheme are 0.8 and 1.4,

respectively.

Fig. 4.28 illustrates the CCDF curves of the proposed hybrid scheme for several values

of CRs. It is obvious from Fig. 4.28 that the PAPR reduction of the hybrid scheme becomes
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Figure 4.27: PSD curves of the proposed companding scheme on various values of β2.
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Figure 4.28: Variation of CCDF for several values of CRs of the proposed hybrid scheme.

better as the CR decreases. Fig. 4.29 exemplifies the BER characteristics of the proposed hybrid

scheme for several values of CRs. It is confirmed from Fig. 4.29 that the least BER is obtained

at a CR of 2. However, highest PAPR is obtained at a CR of 2. Hence, an optimum value of

CR of the proposed hybrid scheme is chosen as 1.6 since better BER characteristics and PAPR

reduction can be achieved at a CR of 1.6.

4.6.3 Performance evaluation

In this section, the PAPR, BER, and PSD characteristics of the proposed hybrid scheme

and the performance comparison of various companding schemes are illustrated.

Fig. 4.30 describes the CCDF performance of the proposed hybrid scheme, original

UFMC signal, and several companding schemes, such as ARCT, LNST, A-law, µ-law, HT,

EC, and the proposed compadning scheme. It shows that the PAPR performance is better with

EC and HT schemes when compared to LNST, ARCT, µ-law, and A-law schemes. Moreover,
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Figure 4.29: Variation of BER for several values of CRs of the proposed hybrid scheme.
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Figure 4.30: CCDF curves of the proposed hybrid scheme, original signal, and several com-
panding schemes.

the proposed companding scheme provides better PAPR reduction than HT and EC transforms.

Besides, the proposed hybrid scheme with CR of 1.4 provides better PAPR reduction than the

proposed hybrid scheme with CR of 1.6. Hence, the proposed hybrid transform with CR of 1.4

can be used in energy-efficient applications.

Table 4.6 gives the PAPR of the proposed hybrid scheme, original UFMC signal, and

several companding transforms at a CCDF of 10−4. The PAPR of UFMC system without com-

panding, EC, HT, µ-law, and the proposed companding are 12 dB, 5.3 dB, 5.2 dB, 9.5 dB, and

5 dB, respectively. The PAPR of the proposed hybrid transforms with clipping ratios of 1.6 and

1.4 are 3.9 dB and 3.5 dB, respectively, as shown in Table 4.6.

The betterment of PAPR reduction of the proposed hybrid scheme with original UFMC

signal is illustrated in Table 4.7. Also, it is compared with several companding schemes, as

shown in Table 4.7. The increase in PAPR reduction of the logarithmic µ-law, EC, HT, and

the proposed companding are 2.5 dB, 6.7 dB, 6.8 dB, and 7 dB, respectively. The increase in
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Table 4.6: PAPR values of the proposed hybrid schemes, UFMC signal and various companding
schemes

Original
signal

EC
(u= 0.8)

HT
(a= 0.3,
b= 0.2)

µ-law
(µ= 2)

Proposed
companding
(β1= 0.8,
β2= 1.4)

Proposed
hybrid
transform
(CR= 1.6)

Proposed
hybrid
transform
(CR= 1.4)

PAPR in dB
at CCDF= 10−4 12 5.3 5.2 9.5 5 3.9 3.5

Table 4.7: PAPR reduction improvement of several companding schemes with the UFMC signal
without companding at CCDF of 10−4

µ-law
(µ= 2)

EC
(d= 1)

HT
(a= 0.3,
b= 0.2)

Proposed
companding
(β1= 0.8,
β2= 1.4)

Proposed
hybrid
transform
(CR= 1.6)

Proposed
hybrid
transform
(CR= 1.4)

PAPR in dB 2.5 5.7 5.8 7 8.1 8.5

PAPR reduction of the proposed hybrid schemes with CRs of 1.6 and 1.4 are 8.1 dB and 8.5 dB,

respectively, as shown in Table 4.7.

Fig. 4.31 exemplifies the comparison of waveforms of the proposed hybrid scheme for

different clipping ratios. It shows that the proposed hybrid scheme with clipping ratio of 1.4

losses more amount of data. Hence, the BER performance of the hybrid scheme with CR of

1.4 deteriorates. Whereas the proposed hybrid scheme with CR of 1.6 losses little amount of

data, which is insignificant. Therefore, this scheme does not show significant effect on the BER

performance.
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Figure 4.31: Comparison of waveforms of the proposed hybrid scheme and the companded
signal without clipping (a) CR = 1.6 (b) CR = 1.4.
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Figure 4.32: Performance comparison of the BER characteristics of the proposed hybrid
schemes, several companding techniques, and original UFMC signal over AWGN channel.

Table 4.8: SNR values of the proposed hybrid schemes, UFMC signal and various companding
schemes

Original
signal

EC
(u= 0.8)

HT
(a= 0.3,
b= 0.2)

µ-law
(µ= 2)

Proposed
companding
(β1= 0.8,
β2= 1.4)

Proposed
hybrid
transform
(CR= 1.6)

Proposed
hybrid
transform
(CR= 1.4)

SNR in dB
at BER= 10−4 13.5 14.1 15.3 12.4 12.7 12.8 13.1

Fig. 4.32 depicts the performance comparison of the BER characteristics of the proposed

hybrid schemes, several companding schemes, and original UFMC signal over AWGN channel.

It can be seen from Fig. 4.32 that the BER performance of the proposed hybrid transform with

CR of 1.4 is better than original signal and other companding schemes. Whereas the BER

performance of EC and HT schemes deteriorate when compared to the original signal. The

additional SNR values required at BER of 10−4 of various companding schemes are provided in

Table 4.8.

Fig. 4.33 depicts the performance comparison of the BER characteristics of the proposed

hybrid scheme, several companding transforms, and original UFMC signal with SSPA over

AWGN channel. It illustrates that the BER performance of the hybrid transform is better than

EC, HT, ARCT, and original signal.

Fig. 4.34 provides the performance comparison of the BER characteristics of the proposed

hybrid scheme, several companding transforms, and original UFMC signal over rician fading

channel. It can be seen from Fig. 4.34 that the proposed hybrid method with CR of 1.6 provides
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Figure 4.33: Comparison of BER curves for original and various companding techniques with
SSPA.
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Figure 4.34: Comparison of the BER characteristics of the proposed hybrid scheme, several
companding transforms, and original UFMC signal over rician fading channel.

better BER characteristics when compared to other companding schemes and original UFMC

signal. Therefore, the hybrid transform is robust against multipath rician channel.

Fig. 4.35 describes the performance comparison of the BER characteristics of the pro-

posed hybrid scheme, several companding transforms, and original UFMC signal over multipath

fading channel with SSPA. It can be seen from Fig. 4.35 that the proposed hybrid method with

CR of 1.6 provides better BER characteristics when compared to other companding schemes

and original UFMC signal.

Fig. 4.36 shows the power spectrum performances of the proposed hybrid scheme with

CR of 1.6, original UFMC signal, and several companding schemes. The power spectrum per-

formance is estimated in MATLAB by considering the hamming window function and Welch’s

method with an overlap of 50%. It is clear from Fig. 4.36 that the proposed hybrid scheme

provides better PSD performance than EC scheme. The proposed hybrid transform with CR of

1.6 provides superior PAPR reduction, better BER characteristics, and less OOB radiation.
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Figure 4.35: Comparison of BER curves for original and various companding techniques with
SSPA under Rician channel.
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Figure 4.36: Comparison of PSD curves of the proposed hybrid scheme and several companding
schemes.

The performance comparison of the UFMC system with the proposed hybrid scheme and

several companding schemes is depicted in Table 4.9. The proposed hybrid transform with

CR of 1.6 provides enhanced performance with a net-gain of 7.22 dB when compared to other

companding schemes.

The proposed hybrid schemes are also compared with several state of art companding

transforms, such as DFT-ARCT and DFT-µ-law [79] of UFMC system, companding scheme

[116] and amplitude-limiting companding (ALC) of OFDM system, and companding function

[117] of OFDM system , as illustrated in Table 4.10. It is evident that from Table 4.10, the pro-

posed hybrid scheme with CR of 1.4 offers betterment of PAPR reduction of 7.8 dB at CCDF

of 10−3 when compared to other companding transforms. Besides, the required additional SNR

value of the proposed hybrid scheme with CR of 1.4 is -0.8 dB at BER = 10−3, which is mini-

mum when compared to other companding schemes. Hence, the proposed hybrid scheme with
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Table 4.9: Performance comparison of the proposed hybrid scheme and various companding
schemes of the UFMC system

Companding scheme
Improved PAPR
reduction at
CCDF= 10−4

Additional
SNR values
required at
BER= 10−4

net gain
(Improved
PAPR reduction-
Additional SNR)

EC (d= 1) 5.7 0.6 5.1
µ-law (µ= 2) 2.5 -1.1 3.6
HT (a= 0.3, b= 0.2) 5.8 1.8 4
Proposed companding (β1= 0.8, β2= 1.4) 7 -0.8 7.8
Proposed hybrid (CR= 1.6) 8.1 -0.7 8.8
Proposed hybrid (CR= 1.4) 8.5 -0.4 8.9

Table 4.10: Comparison of performance analysis of the proposed hybrid transforms with the
literature.

Companding Scheme
Improved
PAPR reduction
at CCDF= 10−3

Required
Additional
SNR Values
at BER= 10−3

net gain
(Reduction
of PAPR-
Additional SNR)

Proposed companding (β1= 0.8, β2= 1.4) 6.3 -0.7 7
Proposed hybrid transform (CR= 1.6) 7.3 -1 8.3
Proposed hybrid transform (CR= 1.4) 7.8 -0.8 8.6
DFT-ARCT (R= 0.4) [79] 7.2 3 4.2
DFT-µ-law (µ= 50) [79] 8.2 4 4.2
ALC (M= 1, s= 1.2, v= 1.8) [116] 4.7 1.7 3
Scheme of [116] (c= 0.5218) 4.6 0.1 4.5
Scheme of [117] (c= 0, A= 1.414) 7.3 2.2 5.1

CR of 1.4 offers enhanced system net gain of 8.6 dB when compared to various companding

schemes.

4.6.4 Experimental results

The proposed hybrid scheme is validated in real time by using WARP V3 kit. The ex-

perimental setup of the UFMC system with the proposed hybrid transform using WARP V3

board is displayed in Fig. 4.37. The UFMC signal without companding scheme, the proposed

hybrid scheme signals, and µ-law signal are depicted in Fig. 4-38. It is observed from Fig.

4.38 (a) that high peak amplitudes increases the PAPR, so the SSPA is driven into saturation

region, thus degrading the system efficiency. Therefore, PAPR reduction in UFMC system by

employing optimal hybrid schemes is necessary to enhance the system performance.
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Figure 4.37: Experimental arrangement using WARP V3 kit.

Figure 4.38: Real time UFMC signal, µ-law, proposed companding signal and the proposed
hybrid signal with CR=1.4 (a) Transmitted UFMC signal (b) µ-law signal (c) Proposed com-
panding signal (d) Proposed hybrid signal.

The conventional µ-law waveform reduces the PAPR significantly; however, it raises the

average power level, as depicted in Fig. 4.38 (b). The proposed companding and the proposed

time domain hybrid waveforms are depicted in Fig. 4.38 (c) and Fig. 4.38(d), respectively. It

is confirmed from Fig. 4.38 (d) that significant PAPR diminution is achieved over real time

environment. Also, the proposed hybrid transform possesses constant average power level.

The hardware outcomes confirm that the proposed hybrid transform provides enhanced PAPR

reduction with constant average power when compared to µ-law scheme. Power spectrums

of transmitted and received signals are depicted in Fig. 4.39. It is obvious that remarkable

distortion is not observed between transmitted spectrum and received spectrum, as shown in

Fig. 4.39.
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Figure 4.39: Power spectrum’s of transmitted and received signals by using WARP V3

4.7 Conclusion

An exponential companding scheme, which transforms Rayleigh distributed UFMC sig-

nals into uniform distribution, has been presented for UFMC system. Simulation results have

illustrated that EC technique provides better PAPR reduction with degradation in BER when

compared to original UFMC signal and µ-law scheme. Further, we have proposed a new non-

linear companding scheme called "modified exponential companding", which alters the large

and small amplitudes of UFMC signals depending on two companding levels based on a thresh-

old parameter. Simulation results have proven that MEC-NDC scheme provides improved BER

of 9.1×10−4 at SNR of 15 dB than EC technique. Moreover, by properly choosing companding

factors d1, d2, and α, the system becomes more flexible and can be used in various applica-

tions. The theoretical analysis has proven that the proposed MEC scheme with no decompand-

ing operation offers an enhanced BER performance than with decompanding at the receiver.

Furthermore, by properly choosing the clipping ratio of 1.5, an optimal hybrid scheme pro-

vides enhanced PAPR reduction of 8.02 dB and the net gain of 7.72 dB. In addition to this, the

BER performance of various companding techniques has been analyzed over a multipath fading

channel. Moreover, the experimental results show that a significant PAPR reduction has been

attained by using the proposed hybrid scheme. Finally, it has been concluded that the proposed

hybrid schemes improve the efficiency of the UFMC system performance.



Chapter 5

Joint Time Domain Channel Estimation
with Hybrid PAPR Reduction in UFMC
Systems

5.1 Introduction

The energy efficiency of UFMC is limited by high PAPR. The PAPR problem is compen-

sated at the transmitter by employing either a costly HPA or adopting PAPR reduction schemes.

Since high PAPR may drive the transmit PA into saturation region, the PA needs large input

back-off to ensure the linear amplification. As IBO increases, the PA requires high power con-

sumption, thus resulting in degradation of performance of power amplifier.

The clipping scheme is well suitable for low modulation orders, but it degrades the system

performance for higher orders. Hence, companding schemes are more appropriate for achieving

high data rates. In this chapter, a low-complexity linear companding (LC) scheme is presented

for UFMC system to offer improved performance, but this scheme requires SI to decompand

the signal at the receiver.

The requirement of SI for decompanding results in reducing the SE and data reliability

of the UFMC system. Hence, the pilots are used to transmit the SI and estimate the channel

characteristics. In [89], the joint estimation of channel sate information and PAPR reduction

is proposed for OFDM. The estimation of CIR has a great impact on the system performance,

so the frequency domain channel estimation methods are inappropriate at high noise regimes

78
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and also reduce the spectral efficiency. Hence, time domain CE methods, which are discussed

in [46]-[48], are attractive for OFDM systems. The estimation of channel in time domain out-

performs the frequency domain estimation. To our knowledge, the time domain CE has not

been addressed for UFMC system. Moreover, the design of joint time domain CE with PAPR

reduction has not been employed for UFMC system.

In this contribution, a hybrid PAPR reduction scheme that improves PAPR performance

by employing clipping scheme on the linear companded signal is proposed. The optimum

companding parameters (i.e., ρ1, ρ2, and ρ3) and clipping ratio (CR), which provide better

performance metrics such as PAPR, BER, and power spectrum, are obtained for the proposed

system. Moreover, they enable the proposed hybrid scheme to provide more flexibility and have

freedom to get optimum performance.

A joint time domain CE with hybrid PAPR reduction of UFMC system is proposed. Un-

like in traditional companding schemes, the pilots are inserted in time domain to perform time

domain channel estimation and are also used to transmit the SI that is required for decompand-

ing at the receiver. Moreover, the proposed time domain channel estimation does not require the

symbol interval to be much longer than the maximum channel delay spread. As a result, UFMC

systems could use less number of subcarriers or shorter symbol interval than those systems that

use frequency domain methods. Therefore, the proposed time domain CE method has less com-

putational complexity and greater capability of adapting to fast channel variations. Moreover,

the performance of proposed system is analyzed in the presence of SSPA and is validated in real

time using WARP V3 kit.

This contribution is ordered as follows. The proposed UFMC system model and the pro-

posed time domain CE model with PAPR reduction schemes for UFMC system are discussed

in section 5.2. The nonlinear HPA model is described in section 5.3. The simulation results

of joint time domain CE with linear companding scheme and hybrid schemes are illustrated in

section 5.4. The experimental verification of the results and conclusions are discussed in section

5.5 and section 5.6, respectively.
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Figure 5.1: Proposed joint time domain CE with hybrid scheme.

5.2 Proposed joint time domain CE with PAPR reduction

The overview of the proposed joint time domain CE with the hybrid scheme structure is

shown in Fig. 5.1. The UFMC signal is mathematically represented as

sn =
1
N

B∑
p=1

L−1∑
l=0

∑
k=Bp

Xp
k f p

l exp
j2π(n−l)k

N 0 ≤ n ≤ N + L − 1 (5.1)

The PAPR of the UFMC system is reduced by employing companding transforms on the trans-

mitted signal sn. The companding function is represented as shown below.

gn = t (sn) (5.2)

5.2.1 Proposed linear companding scheme

Companding schemes are simple and efficient in reducing the PAPR of UFMC system. But

the companding schemes affect the system performance in terms of PAPR reduction, spectral

regrowth, and BER. Hence, an effective trade-off among these performance metrics is the most

challenging task in the design of companding schemes.

In the proposed LC scheme, a most precise case is taken into consideration to attain better

performance gains. The UFMC signal consists of three types of amplitude values, i.e., large

values, average values, and small values. In the proposed scheme, the three amplitude ranges

of UFMC signal can be treated separately with a different scale. This can be accomplished by

employing two inflexion thresholds (i.e., δ1 and δ2), which can be obtained from the UFMC
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signal. The mathematical representation of the proposed companding function is given below.

gn =


ρ1.sn |sn| ≤ δ1

ρ2.sn δ1 < |sn| ≤ δ2

ρ3.sn |sn| > δ2

(5.3)

The PAPR of the proposed LC scheme is reduced by enlarging the small values of the UFMC

signal with the aid of companding parameter ρ1, so ρ1 must be greater than one (i.e., ρ1 > 1).

Moreover, the large amplitude values are compressed by ρ3; therefore, ρ3 must be less than one

(i.e., ρ3 < 1), and the average values are maintained at the same level, (i.e., ρ2 = 1). Also, by

employing ρ2 = 1, there is no need of inverse scaling for the average amplitudes at the receiver.

With these arrangements, the LC scheme provides performance enhancement by proper choice

of companding parameters. However, the inflexion points are required in order to perform de-

companding at the receiver. The inflexion points that are considered in the proposed LC scheme

are δ1 and δ2, which are 30% of V and 60% of V , respectively, where V denotes the maximum of

absolute of the transmitted signal sn (i.e., V = max|sn|). The required SI is transmitted through

the pilots that can be obtained from the CE block, which is discussed in section 5.2.3. The

decompanding at the receiver is mathematically expressed as shown below.

zn =


1
ρ1
.rn n ε ϕ1 (δ1)

1
ρ2
.rn n ε ϕ2

(
δ1,2

)
1
ρ3
.rn n ε ϕ3 (δ2)

(5.4)

5.2.2 Proposed hybrid scheme (LC+clipping)

The PAPR performance of the UFMC system is further improved by employing clipping

on the linearly companded signal. The clipping is performed by using an appropriate clipping

threshold value on the LC signal at the transmitter side, while there is no need of reverse oper-

ation at the receiver. The equation for the clipping operation is given mathematically as

cn =

gn |gn| ≤ γ

γ exp jφn |gn| > γ
(5.5)
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where cn is the clipped signal, φn = arg
[
gn

]
and γ is the threshold level at which clipping is

applied on the companded signal. The clipping ratio (CR) is known as

CR =
γ√
Pavg

(5.6)

where Pavg denotes the average power of the companded signal. In [111], the clipping is per-

formed on the OFDM signal followed by companding. The information is lost at the first stage

due to the clipping. Whereas our proposed LC+clipping scheme employs companding initially

followed by clipping. The signal peaks are compressed as LC companding is employed in the

first stage. Hence, the clipping scheme in the second stage does not cause significant amount of

data loss.

5.2.3 Proposed time domain channel estimation

To perform time domain CE, the pilot symbols are inserted in hybrid UFMC signal cn.

Two pilots (i.e., δ1 and δ2 ) are appended at the end of the data carriers of the transmitted signal.

These pilots can be used both for channel estimation and decompanidng. Now, the pilot added

signal cn is distorted by the wireless multipath fading channel. The resultant received signal is

written as

rn = cn ∗ hn + wn (5.7)

where wn denotes the noise samples of channel and hn is the channel impulse response (CIR).

At receiver, the CE has a significant impact on the performance of the system. The CSI can

be obtained by employing either frequency-domain CE or time-domain CE. The time domain

CE is better when compared to frequency-domain CE as time domain CE has two advantages.

For time domain CE, there is no need to have the length of UFMC symbol to be larger than the

maximum delay spread of the channel. As a result, channel estimation tolerance of the multi-

path fading effect is improved. Also, as CSI is generally present in time-domain model, it can

be used to enhance the performance of the channel estimation. The key idea in the proposed

model is to employ time domain pilots to determine the time domain CIR as well as the required

SI that is necessary to perform decompanding. The time domain CIR is attained by employing

the linear minimum mean square error channel estimation technique.
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Linear Minimum Mean Square Error (LMMSE) Channel Estimation:

The LMMSE channel estimator for the time domain model is determined based on the

priori knowledge of the channel. The covariance of the channel is used as a priori knowledge.

The covariance matrix of the channel is represented as shown below.

Rhnhn = E
[
hnhH

n

]
(5.8)

The joint distribution of the received signal vector rn and the channel vector hn can be repre-

sented as

P (rn; hn) =
1

√
2πσ2

exp
− (rn − cnhn)2

2σ2 (5.9)

The LMMSE offers optimal CE performance by reducing the estimation error, which can be

expressed as

e = hn − ĥn (5.10)

where hn is the true CIR and ĥn is the estimated CIR. Then the mean squared error is given as

E
{
|e|2

}
= E

{∣∣∣hn − ĥn

∣∣∣2} (5.11)

Finally, the LMMSE estimator is obtained as

ĥLMMS E
n = Rhnhn

(
Rhnhn + σ2

(
cncH

n

)−1
)−1

ĥLS
n (5.12)

where ĥLS
n is expressed as shown below.

ĥLS
n =

(
cH

n cn

)−1
cH

n rn (5.13)

Initially, the CIR is obtained at the pilot locations from eq(5.13). Later, the CIR at data loca-

tions is obtained by employing interpolation techniques. Here, spline interpolation is employed

to obtain CIR at data sub-carriers as the spline interpolation provides a continuous polynomial

fitting and better smooth to the data sub-carriers. In MATLAB, the spline interpolation is at-

tained by using spline function. Finally, the LMMSE channel impulse response is estimated

by using eq(5.12). The estimated CIR is used in the data recovery process to improve the data

efficiency of the system. After estimating the channel, the pilots are removed from the received

signal.

Then decompanding is performed on the received signal by using eq(5.4). In this way,

the inserted pilots can be employed in both CE and PAPR reduction of UFMC system. Now,
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the time domain decompanded signal is converted to frequency domain by employing 2N-FFT.

Then, equalization is performed to combat the ISI. Finally, demodulation is employed on the

equalized output to recover the original data.

5.3 Nonlinear power amplifier

The BER characteristics and power spectrum performance of the proposed hybrid schemes

are analyzed by including a SSPA over AWGN channel. Most of the radio systems have em-

ployed HPAs in the transmitter to achieve required transmit power. The SSPA is one of the

widely accepted models of HPAs and is advantageous due to the utilization of Gallium Ar-

senide (GaAs) device technology. The GaAs based devices employed in SSPA offer high power

handling capability than Silicon based devices due to the large energy band gap of GaAs ma-

terial. According to the model [55], the complex envelope of the SSPA input signal can be

expressed as

cn (t) = |cn (t)| e jθn(t) (5.14)

and the output signal is given as

cno (t) =
a |cn (t)|[

1 +
(
|cn(t)|
Asat

)2pa
] 1

2pa

e jθn(t) (5.15)

where, Asat denotes the saturation level, a represents the amplifier gain, and pa is a random

positive integer that controls the nonlinearity of the amplifier. The SSPA produces only the

AM/AM conversion and no phase distortion (θn (t)=0). So, substituting θn (t)=0 in eq(5.15)

gives eq(5.16)

cno (t) =
a |cn (t)|[

1 +
(
|cn(t)|
Asat

)2pa
] 1

2pa

(5.16)

The input back off, which reduces nonlinear distortions in the transmitted signal can be denoted

as

IBO =
A2

sat

Pin
(5.17)

Where Pin = E
[
|cn (t)|2

]
is the average power of the input signal. On the other hand, the higher

IBO lowers the SSPA efficiency. Hence, the IBO must be chosen carefully to achieve better BER

performance without degrading power amplifier efficiency since there is a trade-off between low

distortion and high SSPA efficiency.
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Figure 5.2: CCDF performance of the proposed LC scheme for various values of ρ1 with con-
stant ρ2 and ρ3.

5.4 Performance evaluation

The performance of the proposed joint time domain CE with hybrid PAPR reduction

scheme of the UFMC system has been evaluated in terms of system BER, PAPR reduction,

and power spectrum. For simulation, the number of sub-bands, the sub-carriers in each sub-

band, and the filter length are considered as 8, 20, and 40, respectively. The sub-bands are

modulated by employing QAM as a modulation scheme.

Initially, the selection of optimum parametres of LC scheme to attain better performance

gains is done. Fig. 5.2 illustrates the CCDF performance of the proposed LC scheme for various

values of ρ1 while keeping the other companding parameters (i.e., ρ2 and ρ3) constant. It depicts

that the PAPR reduction increases as the companding parameter ρ1 increases.

Fig. 5.3 shows the CCDF performance of the proposed LC scheme for various values of

ρ3 while keeping the other parameters (i.e., ρ1 and ρ2) constant. As the companding parameter

ρ3 increases, the PAPR reduction increases up to a ρ3 of 0.5 (i.e., ρ3 ≤ 0.5), but the PAPR

reduction of the proposed LC scheme decreases when ρ3 is greater than 0.5 (i.e., ρ3 > 0.5), as

illustrated in Fig. 5.3. It is evident from Fig. 5.3 that the PAPRs of 5.8 dB and 7.7 dB are

obtained at ρ3 of 0.5 and 0.7, respectively. Since there is a trade-off between PAPR and BER,

the BER performance on the variation of ρ1 and ρ3 of the proposed LC scheme to determine the

optimum values of ρ1 and ρ3 is described in Fig. 5.4 and Fig. 5.5, respectively.

As seen in Fig. 5.2 and Fig. 5.4, the performance of PAPR and BER is better at ρ1 =

1.5. Hence, the optimum value of ρ1 is 1.5. Similarly, as depicted in Fig. 5.3 and Fig. 5.5,

the performance of PAPR and BER is better at ρ3 = 0.5. Hence, the optimum value of ρ3
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Figure 5.3: CCDF performance of the proposed LC scheme for various values of ρ3 with con-
stant ρ1 and ρ2.
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Figure 5.4: BER performance of the proposed LC scheme on the variation of ρ1 with constant
ρ2 and ρ3.
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Figure 5.5: BER performance of the proposed LC scheme on the variation of ρ3 with constant
ρ1 and ρ2.
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Figure 5.6: CCDF performance of the proposed hybrid scheme for various values of clipping
ratio.
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Figure 5.7: BER curves of the proposed hybrid scheme for various values of clipping ratio.

is 0.5. The optimum value of ρ2 is chosen as 1 since inverse scaling is not needed for the

average amplitudes at the receiver when ρ2 = 1. It can be concluded that the optimum choice of

companding parameters of the proposed LC scheme are ρ1 = 1.5, ρ2 = 1, and ρ3 = 0.5.

In the proposed hybrid scheme, clipping is performed with suitable clipping ratio on the

LC companded signal to reduce PAPR of the UFMC system. Fig. 5.6 illustrates the CCDF

curves of the proposed hybrid scheme for different clipping ratios and LC scheme without

clipping. The proposed hybrid scheme with CR of 1.4 offers better PAPR reduction than other

schemes.

Fig. 5.7 demonstrates the BER curves of the proposed hybrid scheme for different clip-

ping ratios and LC scheme without clipping. The hybrid scheme with CR of 2 offers better

BER performance, but there is no significant improvement of PAPR reduction compared to LC

scheme, as seen in Fig. 5.6. It is observed from Fig. 5.6 and Fig. 5.7 that the proposed hybrid
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Figure 5.8: Comparison of the PAPR performance of various companding schemes and original
signal.

Table 5.1: Comparison of PAPR values for several companding schemes and original signal

Original
µ-law
(µ=1)

LNST
(u=0.85)

Proposed
LC scheme
(ρ1=1.5, ρ2=1,
ρ3=0.5)

Proposed
hybrid scheme
(CR=1.7)

Proposed
hybrid scheme
(CR=1.4)

PAPR (dB) at
CCDF=10−4 12.0 9.1 9.8 5.8 4.6 3.2

scheme with a suitable clipping ratio of 1.4 offers enhanced PAPR reduction with degradation

in BER. Hence, the proposed hybrid scheme with a CR of 1.7 is chosen to achieve better PAPR

performance without much degradation in BER.

Fig. 5.8 demonstrates the PAPR performance of the UFMC signal without companding,

µ-law, LNST companding, proposed LC scheme, and hybrid techniques with clipping ratios of

1.7 and 1.4. The proposed LC scheme offers better PAPR reduction than µ-law, LNST scheme,

and original signal. Besides, the proposed hybrid schemes provide enhanced PAPR reduction

when compared to µ-law, LNST, and original signal. Moreover, the proposed LC+clipping with

a clipping ratio of 1.4 offers better PAPR reduction than LC+clipping with a clipping ratio of

1.7. Table 5.1 shows the PAPR values of several companding schemes at a CCDF of 10−4. The

PAPR values of UFMC signal, µ-law, LNST, LC scheme, the proposed LC+clipping with a CR

of 1.7, and the proposed LC+clipping with a CR of 1.4 are 12.0 dB, 9.8 dB, 9.1 dB, 5.8 dB, 4.6

dB, and 3.2 dB, respectively. When compared to the original UFMC signal at CCDF of 10−4,

the decrease in PAPR of the µ-law, LNST, the proposed LC, the proposed LC+clipping with a

CR of 1.7, and the proposed LC+clipping with a CR of 1.4 are 2.2 dB, 2.9 dB, 6.2 dB, 7.4 dB,

and 8.8 dB, respectively, as shown in Table 5.2.



Joint Time Domain Channel Estimation with Hybrid PAPR Reduction in UFMC Systems 89

Table 5.2: Improvement of PAPR reduction of several companding transforms with original
UFMC signal

µ-law
(µ=1)

LNST
(u=0.85)

Proposed
LC scheme
(ρ1=1.5, ρ2=1,
ρ3=0.5)

Proposed
hybrid scheme
(CR=1.7)

Proposed
hybrid scheme
(CR=1.4)

PAPR (dB) at
CCDF=10−4 2.9 2.2 6.2 7.4 8.8
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Figure 5.9: BER characteristics of the UFMC signal without companding and several compand-
ing schemes over AWGN channel.

Fig. 5.9 shows the BER characteristics of the UFMC signal without companding, µ-law,

LNST companding, EC, proposed LC scheme, and hybrid techniques with CRs of 1.7 and 1.4

over AWGN channel. The µ-law offers better BER characteristics, but it increases the average

power of the signal. It is evident that the proposed LC scheme offers better performance than

EC and LNST scheme. Also, the proposed hybrid scheme with a CR of 1.7 offers better BER

performance than with a CR of 1.4. Table 5.3 provides the BER analysis at a SNR of 10−4 for

the UFMC signal, µ-law, LNST companding, proposed LC scheme, and hybrid schemes.

Table 5.3: Comparison of BER performance of the several companding transforms and original
UFMC signal

Original
µ-law
(µ=1)

LNST
(u=0.85)

Proposed
LC scheme
(ρ1=1.5, ρ2=1,
ρ3=0.5)

Proposed
hybrid scheme
(CR=1.7)

Proposed
hybrid scheme
(CR=1.4)

SNR (dB) at
BER=10−4 15.2 14.7 17.3 15.8 16.1 16.7
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Figure 5.10: BER performance of the proposed hybrid scheme with a CR of 1.7 for different
values of IBO.
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Figure 5.11: BER characteristics of the UFMC signal without companding and several com-
panding schemes with SSPA (pa = 2, IBO = 3 dB) over AWGN channel.

Fig. 5.10 illustrates the BER performance of the proposed hybrid scheme with a CR of 1.7

for different values of IBO. As IBO increases, the distortion decreases and BER performance

becomes better. Since better BER performance is achieved when IBO is 5 dB, so the SSPA

has been employed with the parameter pa of 2 and the input back-off of 5 dB. Fig. 5-11 shows

the BER characteristics of the UFMC signal without companding, µ-law, LNST companding,

proposed LC scheme, and hybrid techniques with CRs of 1.7 and 1.4 with SSPA (pa = 2, IBO

= 3 dB) over AWGN channel. It is confirmed from Fig. 5.11 that the performance is degraded

in the presence of SSPA with an IBO of 3 dB.

Fig. 5.12 shows the BER characteristics of the UFMC signal without companding, µ-law,

LNST companding, proposed LC scheme, and hybrid techniques with CRs of 1.7 and 1.4 with

SSPA (pa = 2, IBO = 5 dB) over AWGN channel. It is confirmed from Fig. 5.12 that the

performance is nearly similar even in the presence of SSPA.
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Figure 5.12: BER characteristics of the UFMC signal without companding and several com-
panding schemes with SSPA (pa = 2, IBO = 5 dB) over AWGN channel.
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Figure 5.13: BER characteristics of the UFMC signal without companding and several com-
panding schemes over rician channel.

Fig. 5.13 shows the BER characteristics of the UFMC signal without companding, µ-law,

LNST companding, proposed LC scheme, and hybrid techniques with CRs of 1.7 and 1.4 over

multipath rician channel. The proposed LC scheme offers better performance than LNST, µ-

law, and original signal. Also, the proposed hybrid scheme with a CR of 1.7 offers better BER

performance than with a CR of 1.4.

Fig. 5.14 illustrates the power spectrum performance of the proposed hybrid scheme with

a CR of 1.7, µ-law, and LNST scheme. The SSPA is employed with the parameter pa of 2 and

the input back-off of 5 dB. The proposed hybrid scheme with a clipping ratio of 1.7 offers better

PSD performance than LNST and µ-law companding. The proposed hybrid scheme and LNST

produce only OOB emissions, while the µ-law produces OOB radiations along with in-band

distortion. The average and peak values of the ratio of the in-band power to the out of band
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Figure 5.14: Power spectrum performance of the proposed hybrid scheme with a CR of 1.7,
µ-law, and LNST scheme.

Table 5.4: Analysis of the UFMC system performance for various companding schemes at
CCDF and BER of 10−4

Companding
Scheme

Improvement of
PAPR reduction (dB)

Additional SNR
values (dB) Net gain

µ-law (µ=1) 2.9 -0.5 3.4
LNST (u=0.85) 2.2 2.1 0.1
Proposed LC (ρ1=1.5, ρ2=1, ρ3=0.5) 6.2 0.6 5.6
Proposed hybrid scheme (CR=1.7) 7.4 0.9 6.5
Proposed hybrid scheme (CR=1.4) 8.8 1.5 7.3

power of the proposed hybrid transform is greater than µ-law with SSPA and LNST with SSPA.

Table 5.4 shows the performance analysis in terms of net gain for several companding

schemes. The net gain of the companding scheme is obtained by subtracting the required ad-

ditional SNR values from the improved PAPR reduction. It is observed from Table 5.4 that

the proposed hybrid schemes with CRs of 1.7 and 1.4 provide enhanced performance with net

gains of 6.5 dB and 7.3 dB, respectively. Hence, the proposed hybrid schemes provide enhanced

performance in terms of net gain when compared to LC, µ-law, and LNST schemes.

The performance analysis of the proposed hybrid schemes has been compared with the

other works in the literature, as shown in Table 5.5. The proposed hybrid schemes are com-

pared with the techniques EC, amplitude-limiting companding (ALC), and companding scheme

based on piecewise nonlinear companding [116] of OFDM system, hybrid DFT-ARCT [79] of

UFMC system, hybrid Iterative clipping and filtering-enhanced nonlinear companding (ICF-

ENC) [113] of OFDM system, and low complexity companding function [117] of OFDM sys-
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Table 5.5: Comparison of performance analysis of the proposed hybrid schemes with the state-
of-art schemes

Companding Scheme
Improvement of
PAPR reduction (dB)
at CCDF=10−3

Additional SNR
values (dB)
at BER=10−3

Net gain

Proposed hybrid scheme (CR=1.7) 7.1 0.4 6.9
Proposed hybrid scheme (CR=1.4) 8.3 0.7 7.6
µ-law (µ=1) 2.5 -1 3.5
LNST (u=0.85) 2 1.5 0.5
EC (d=0.7) [116] 4.8 1.9 2.9
ALC (M=1, s=1.2, v=1.8) [116] 4.7 1.7 3
Scheme of [116] (c=0.5218) 4.6 0.1 4.5
DFT-ARCT (R=0.4) [79] 7.3 3.0 4.3
ICF-ENC (γ=1.5) [113] 7.2 1.5 5.7
Scheme of [117] (c=0, A=1.414) 7.3 2.2 5.1

Figure 5.15: Experimental arrangement of the proposed model using WARP V3 kit.

tem. At a CCDF of 10−3, the proposed LC+clipping with a CR of 1.4 provides enhanced PAPR

reduction of 8.3 dB when compared to proposed LC+clipping with a CR of 1.7 and various

companding techniques in the literature. Moreover, the net gain of the UFMC system of the

proposed LC+clipping with CR of 1.4 is 7.6 dB, which is higher than the other schemes avail-

able in the literature.

The computational complexity of the proposed hybrid scheme is measured by the number

of floating-point operations (flops). In particular, the flop count does not comprise signal am-

plitude calculation that is quite normal in all the companding schemes. The linear companding

techniques are less complex than the nonlinear companding techniques. In case of the proposed

hybrid method, only 1 flop/sample is required at both the transmitter and the receiver. In lin-

ear companding scheme, 0.45N companded samples
(
∵ N

∫ ∞
β1

f|sn | (x) dx = 0.45N
)

are required.

Where f|sn | (x) denotes the probability density function. Therefore, the total number of flops

required for the hybrid scheme are 0.45N×2=0.9N.
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Figure 5.16: Real time waveforms of UFMC signal and various companding schemes (a) Orig-
inal signal (b) µ-law signal (c) LC signal (d) LC+clipping signal with a CR of 1.7.

5.5 Experimental results

The proposed UFMC system is experimentally verified in real time by employing WARP

V3 board. With the combination of MATLAB and the features of WARP kit, the physical layer

algorithms are implemented in WARPLab framework. The two RF interfaces, i.e., RF A and RF

B in WARP node can be employed as transmitting antenna and receiving antenna, respectively.

Each interface has a 2.4/5 GHz transceiver with RF bandwidth of 40 MHz.

In WARPLab setup, a WARP node is attached to a host PC through an Ethernet switch.

The software in the WARPLab is employed to upload the baseband samples that are created in

the MATLAB to FPGA buffers. To send the baseband samples from RF A to RF B, the host

PC drives the WARP node by sending a trigger signal. The radio board processes the baseband

samples by employing up-conversion to convert baseband samples to RF waveform and down-

conversion to convert the received RF waveform to baseband samples at the transmitter side

and the receiver side, respectively. Then the received samples are processed in the MATLAB

workspace.

The proposed joint time domain CE with PAPR reduction of UFMC system is experimen-

tally verified by using WARP V3 kit and it can be demonstrated in Fig. 5.15. The waveforms

of the proposed hybrid scheme with CR of 1.7, LC scheme, µ-law, and UFMC signal without

companding are illustrated in Fig. 5.16. It can be seen from Fig. 5.16 (a) that the UFMC sig-

nal possess low amplitudes, average amplitudes, and high amplitudes. The high peaks in the

UFMC signal not only increases the PAPR but also drives the PA into nonlinear region, which
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Figure 5.17: Power spectrum plots of the transmitted and received signals.

in turn reduces the system efficiency. So, PAPR reduction is essential in the proposed UFMC

system by applying suitable schemes. It can be recognized from Fig. 5.16 (c) and (d) that a

significant reduction of PAPR is obtained over real time channel by employing the proposed

LC and LC+clipping with a CR of 1.7. The proposed hybrid technique provides better PAPR

performance than LC scheme and µ-law. Besides, the average power of the proposed schemes

is almost similar with the original signal, where as the µ-law increases the average power of

the companded signal. Fig. 5.17 illustrates the power spectrum plots of the transmitted and

received signals. Significant distortion is not observed between the transmitted and received

spectrums in Fig. 5.17.

5.6 Conclusion

A joint pilot-based time domain CE with hybrid PAPR reduction scheme has been pro-

posed for UFMC system. In the proposed time domain CE, the CSI, which has been employed

to improve the performance of channel estimation, is obtained in advance. Moreover, the pro-

posed CE does not need the length of UFMC symbol to be much larger than the maximum

delay spread of the channel. Hence, the computational complexity of the proposed time domain

CE is less and adaptable to rapid channel variations. Also, LC scheme that improves the PAPR

performance with more design flexibility by using two inflexion points has been proposed. Sim-

ulation results show that the proposed LC scheme offers improved PAPR reduction of 6.2 dB at

a CCDF of 10−4 and the BER is 0.3875 ×10−4 at a SNR of 14 dB. Moreover, a hybrid scheme

with proper clipping ratio has been proposed. The proposed LC+clipping with a CR of 1.4

offers improved PAPR reduction of 8.8 dB and the net gain of 7.3 dB. Besides, the proposed

hybrid transforms have been compared with the DFT-ARCT and ICF-ENC schemes. Addition-
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ally, the proposed time domain CE with hybrid scheme has been validated and the experimental

results have concluded that the PAPR performance has been improved by employing the pro-

posed hybrid method. Eventually, it has been concluded that the proposed channel estimation

along with PAPR reduction method enhances the performance of UFMC system.



Chapter 6

Performance analysis of UFMC based
Massive MIMO downlink systems

6.1 Introduction

In order to provide better performance gains, the future wireless communication systems

greatly depend on the utilization of multiple antennas. Hence, the combination of massive

MIMO with UFMC is a promising technology to meet the requirements of next-generation

wireless networks (5G and Beyond). Moreover, the robustness of the system can be increased

against the multi path fading channels by combining the massive multi user MIMO with the

multicarrier waveform techniques.

In massive MIMO downlink systems, precoding is necessary to reduce multi user interfer-

ence. However, precoding results in the generation of time-domain signals that suffer from high

PAPR. Additionally, PAPR problem becomes more in all multicarrier systems. Consequently,

the high-power amplifier in the transmission section operates in non-linear region, thereby pro-

ducing OOB radiation, in-band distortion, and adjacent channel interference. To alleviate these

distortions, the HPA must be operated in linear-region with large IBO. However, the large IBO

makes the system operates with low power levels, so the efficiency of the HPA decreases. There-

fore, this is not a feasible solution for 5G communications as the energy efficiency is one of the

essential requirements of 5G systems. So, the most desirable task to reduce PAPR is employing

precoders, which generates time-domain signals with low PAPR.

97
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The precoding that yields low PAPR is of great importance in UFMC based massive

MIMO systems. The CE precoder switches the power amplifiers to operate in the nonlinear

region; therefore, a power efficient analog circuitry at the BS is required. In [119], a precoder

that generates a constant modulus signal constrained to only eight phase outputs for MU-MIMO

systems was proposed. It needs the data converters called digital to analog converters (DACs)

at the base station to produce eight phases.

In multiuser massive MIMO, the data converters are one of the main blocks that consume

more power. The total number of ADCs can be increased as each receiving antenna needs a pair

of ADCs. The power dissipation of DACs raises exponentially with the resolution and linearly

with the bandwidth. Several hundreds of BS antennas in massive MIMO require more number

of DACs, thereby leading to high power consumption. Therefore, the resolution of DACs must

be restricted to maintain the power consumption within acceptable levels. Thus, recently, the

low resolution DACs has grabbed the attention of researchers working in massive MU-MIMO

downlink systems.

The distortion due to the low resolution DACs becomes negligible as the number of trans-

mit antennas at the base station increase. Hence, the precoders with 1-bit DACs offer enhanced

power efficiency for massive MIMO systems. The design of quantized low PAPR precoders is

of great importance for massive MIMO systems.

To our knowledge, the combination of massive MIMO with UFMC modulation has not

been developed so far. Additionally, the combination of quantized MU precoding and compand-

ing schemes to reduce the PAPR of the massive MU-MIMO-UFMC has not been presented.

In this contribution, the massive MU-MIMO-UFMC downlink transmission scheme is de-

veloped to achieve the benefits of both massive MIMO technology and the UFMC modulation

scheme. The proposed combination provides high data rate, high SE, high EE, high robustness,

and high throughput for multiuser networks. Moreover, a quantized precoding is employed for

massive MU-MIMO-UFMC downlink systems over flat fading channels. For 1-bit DAC, a non-

linear phase-quantized precoder called SQUID-UFMC that addresses the high PAPR problem

for massive MU-MIMO-UFMC downlink systems is proposed. The proposed SQUID-UFMC

precoder produces constant modulus signals that reduce the PAPR of the massive MU-MIMO-

UFMC system. Furthermore, a PLC scheme is proposed for the reduction of PAPR of the mas-

sive MU-MIMO-UFMC system. The proposed PLC scheme offers more freedom and design

flexibility to achieve an optimum performance.
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Figure 6.1: Single antenna UFMC system model.

This contribution is ordered as follows. The single antenna UFMC system model is pre-

sented in section 6.2. The proposed massive MU-MIMO-UFMC system model is described

in section 6.3. The proposed quantized MU precoding and companding schemes for PAPR

reduction of the proposed system is presented in section 6.4. The proposed piece wise linear

companding scheme is described in section 6.5. Their performance evaluation and conclusions

are illustrated in section 6.6 and section 6.7, respectively.

6.2 Single antenna UFMC system model

The block diagram of single antenna UFMC system is depicted in Fig. 6.1. In UFMC

system, a total of N subcarriers are split into M sub-bands. Each sub-band consists of k sub-

carriers (∴ N = M×k). The single UFMC symbol consists of N subcarriers that are arranged in

a N-dimensional vector s. The multiple symbols transmission by using multiple antennas will

be discussed in section 6.3. Let si be the N-dimensional symbol vector. The nth entry of si,(n) is

represented as shown below

si,(n) ,

 sn n = ik, ik + 1, ...(i + 1)k − 1

0 otherwise
(6.1)

where i ranges from 0 to M-1 and n ranges from 0 to N-1. The matrices are defined as follows.

Pi = diag

[ 0...0︸︷︷︸
ik

1...1︸︷︷︸
k

0...0︸︷︷︸
N-(i+1)k

]

, i = 0, 1....M − 1,
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Therefore, the N-dimensional vector si can be denoted as si = Pis. Then the sub-band

vectors si are transformed to time domain by employing IFFT transformation on each sub-band.

s̃i = IFFT (si) = WN,IFFT Pis (6.2)

where WN,IFFT denotes the (N × N)-dimensional IFFT matrix. The (m, n)th entry of the IFFT

matrix can be given as

WN,IFFT =
1
√

N
e j2π(m−1)(n−1)/N (6.3)

To improve the localization property, the vectors s̃i are passed through the Dolph chebyshev

filter with finite impulse response fl. The pass band filter employed in the system successfully

reduces the OOB radiations with reference to the peak of the main lobe. The finite impulse

response of the Dolph chebyshev prototype filter employed in ith sub-band is denoted by fi,l,

which can be defined as

fi,l = fie j2πCil
N , i = 0, 1....M − 1, l = 0, 1....L − 1 (6.4)

where Ci is the normalized frequency shift of the ith sub-band and can be denoted as Ci ,
k−1

2 +ik.

Let zi be the filter output that can be obtained by employing discrete convolution between

the fi and the IFFT output s̃i.

zi = Fi s̃i = FiWN,IFFT Pis (6.5)

The matrix Fi is the [(N + L − 1) × N] dimensional toeplitz matrix of fi. The UFMC signal is

obtained by summing the vectors zi and multiplied by the amplification factor
√

PT . Therefore,

the UFMC signal is formulated as

x =
√

PT

M−1∑
i=0

FiWN,IFFT Pi

 s (6.6)

Now, the UFMC signal is propagated through the wireless channel with channel vec-

tor h of length Lh. Then H is the toeplitz matrix of channel with dimensions

[(N + L + Lh − 2) × (N + L − 1)]. Now, the received vector is obtained by employing matrix

multiplication between UFMC signal and the toeplitz matrix of channel. The received vector is

expressed as

y = Hx + w =
√

PT H

M−1∑
i=0

FiWN,IFFT Pi

 s + w (6.7)

where w is the AWGN with zero mean. Assume that there is a perfect synchronization between

transmitter and receiver and no phase distortion at the receiver. The received vector y is zero-
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padded and 2N-FFT is applied to get the frequency domain vector. The toeplitz matrix of

2N-FFT is denoted as W2N,FFT and the (m, n)th entry of W2N,FFT vector can be represented as
1
√

2N
e− j2π(m−1)(n−1)/2N . Now the 2N-dimensional vector is expressed as

r = W2N,FFTy (6.8)

The N-dimensional received vector r̄ is attained by down-sampling the 2N-dimensional vector

r by a factor of 2. The h̃n and f̃i,(n) are the nth co-efficient of the channel vector and the ith

sub-band of the FIR filter fi, respectively. Then the qth entry of the vector r̄ is modeled as

r̄(q) ≈
2N
√

2
h̃(2q−1) f̃bq/kc,(2q−1)s(q) + w̃(2q−1) (6.9)

Finally, the soft estimate of the UFMC symbol s can be obtained by employing frequency

domain equalization on the vector r̄ and is modeled as given below.

ŝ(q) ≈

√
2

2N
r̄(q)

h̃(2q−1) f̃bq/kc,(2q−1)

= s(q) +

√
2

2N
w̃(2q−1)

h̃(2q−1) f̃bq/kc,(2q−1)
(6.10)

6.3 Proposed massive MU-MIMO-UFMC system model

The schematic of the proposed massive MU-MIMO-UFMC down link system is illustrated

in Fig. 6.2. The mathematical analysis of the proposed model is done by using the analysis of

single antenna UFMC system discussed in section 6.2. The system model consists of massive

number of BSs with B antennas, where B antennas act as U single antenna UEs simultaneously

in the same frequency band. Let S = [s0, s1, ...sN−1] be the U × N - dimensional symbol matrix

that undergoes a QAM constellation. The symbol vector associated with the nth subcarrier is

described as sn =
[
s1,n, ...sU,n

]T , where n ranges from 0 to N-1. The precoding is performed on

each column of symbol matrix S . It is of two forms, which are linear and nonlinear. In linear

case, the precoding matrix is simply multiplied by the symbol vector. Whereas in nonlinear

case, the nonlinear precoding function produces the transmit signals depending on the symbol

vector S . QB (n) denotes the B×U - dimensional precoding matrix for the nth column of symbol

matrix. Therefore, the nth column of the precoded output X (:, n) can be given as

X (:, n) = QB (n) S (:, n) (6.11)
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Figure 6.2: Proposed massive MU-MIMO-UFMC system model.

where X is the precoded output matrix of dimension B × N and satisfies the average power

constraint, i.e., E
[
‖X‖22

]
≤ P. After precoding, each row of the precoded output matrix X is

transmitted through an UFMC modulator, as illustrated in Fig. 6.2. Then the quantization is

performed on the UFMC symbol of length N + L − 1 by using very low-resolution DACs to

reduce the power consumption and hardware complexity of the massive MIMO based UFMC

system. The matrix X̃Q of dimension [B × (N + L − 1)] denotes the 1-bit quantized massive

MU-MIMO-UFMC signal, which is obtained by grouping all the outputs of the parallel UFMC

modulators. The jth row of the matrix X̃Q is represented below.

X̃Q ( j, :)T =

M−1∑
i=0

GiWN,IFFT PiX ( j, :)T (6.12)

The massive MU-MIMO-UFMC signal (i.e., X̃Q) can be represented in matrix notation by using

the eq(6.12) as

X̃Q = X

M−1∑
i=0

PT
i WT

N,IFFTGT
i

 (6.13)

The massive MIMO-UFMC signal (i.e., X̃Q) is passed through the channel with channel impulse

response H (l) ∈ CU×B, where l = 0, 1...Lch − 1. Then the received matrix at the receiver is

denoted by YQ of [U × (N + L + Lch − 2)] dimension. The mth column of the output matrix YQ

is expressed as

YQ =

Lch−1∑
l=0

√
PT

U
H (l) X̃Q (:,m − l) + wm (6.14)

where wm is the AWGN with mean and noise variance of zero and one, respectively.
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6.4 Non-linear constant-envelope precoding for 1-bit DACs

The design of optimal precoders in the downlink is the most challenging task since the

precoders reduce the MUI while enhancing the array gain to the intended user equipment. This

optimization problem is addressed by employing nonlinear precoders, which reduce the mean

square error (MSE) between received and transmitted symbol vectors. Also, the usage of 1-bit

DACs simplifies the hardware design of the proposed massive MIMO based UFMC system. Let∣∣∣x2
∣∣∣ = Pant = S

BN , x ∈ X̃Q, where Pant represents the per antenna transmit power.

For Q < ∞, the dth element
(
d = 0, ..., 2Q − 1

)
of the set X̃Q is expressed by

(Pant)
1
2 e j(π+2πd)/2Q

, where 2Q denotes the number of phases of the transmitted signal at each

antenna. For Q = ∞, X̃∞ =
{
x ∈ C : |x|2 = Pant

}
. In 2-phase-bit case (i.e., Q = 2), the in-phase

and quadrature components of the transmitted signal are produced independently by a pair of

1-bit-DAC as shown below

% (z) =

√
Pant

2
(sgn (R {z}) + jsgn (I {z})) (6.15)

where % (.) denotes the quantized mapping function.

The MSE of the uth UE on the kth sub-carrier is defined as the average of square of the error

between received and transmitted symbol vectors and it is mathematically represented below.

MS Eu,k = Ewu,k

[∣∣∣su,k − βaŷu,k

∣∣∣2].
Here, βa (βa ∈ R

+) is a constant and denotes the precoded factor. The vector ŷu,k represents

the uth element of the estimated received signal vector of the kth sub-carrier. The MSE over the

U user equipments is obtained by summing the MSE of the each UE over all the subcarriers

and is given by
U∑

u=1

∑
k∈Ic

MS Eu,k =
∑
k∈Ic

Eŵk

[
‖sk − βaŷk‖

2
2

]
(6.16)

=
∑
k∈Ic

[∥∥∥sk − βaĤk x̂k

∥∥∥2

2

]
+ β2

aUS N0 (6.17)

The MSE of the U user equipments in optimal precoding problem (PP) is defined as follows

(PP)


min

X∈XB×N
Q ,βa∈R+

∑
k∈Ic

[∥∥∥sk − βaĤk x̂k

∥∥∥2

2

]
+ β2

aUS N0

subject to X = X̂FN
H

(6.18)
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where FN
H is the N × N IFFT matrix that satisfies the condition, i.e., FFN

H = IN .

Since there is an average power constraint on the constant envelope signals, the condition

(i.e., ‖vec (X)‖2∞ = Pant) must be satisfied. Then the precoding problem (PP) in eq(6.18) can be

modified by considering γa = BUNN0 and it is given below.

min
X∈XB×N

Q ,βa∈R+

∑
k∈Ic

[∥∥∥sk − βaĤk x̂k

∥∥∥2

2

]
+ β2

aγa ‖vec (X)‖2∞

subject to X = X̂FN
H

(6.19)

Also, the above problem is simplified by neglecting the non-convex constraints X (X ∈ XB×N
Q )

and by assuming B̂ = βaX̂. Then the non-convex problem in eq(6.19) is converted to convex

problem. Now, the convex problem is denoted by
(
Pl2
∞

)
and can be mathematically represented

as given in eq(6.20).

(
Pl2
∞

)
min

B̂∈CB×N

∑
k∈Ic

[∥∥∥sk − βaĤkb̂k

∥∥∥2

2

]
+ γa

∥∥∥∥vec
(
B̂FN

H

)∥∥∥∥2

∞
(6.20)

Here, the vector b̂k is kth column of the matrix B̂. The matrices B̂Pl2∞ and βPl2∞
a are the optimal

solutions to the convex problem
(
Pl2
∞

)
. The desired matrix XPl2∞ is obtained by converting the

matrix B̂Pl2∞ to time-domain and mapping the resultant matrix to the set XB×N
Q .

XPl2∞ = %
(
B̂Pl2∞FH

N

)
(6.21)

For 2-phase bit (i.e., Q = 2), the convex problem
(
Pl2
∞

)
is simplified to hold the condition that

is expressed as

‖vec (X)‖2∞ = 2 ‖vec (X)‖2
∞̃

(6.22)

Then the convex optimization problem
(
Pl2
∞

)
is given as below.

(
Pl2
∞̃

)
min

B̂∈CB×N

∑
k∈Ic

[∥∥∥sk − βaĤkb̂k

∥∥∥2

2

]
+ 2γa

∥∥∥∥vec
(
B̂FN

H

)∥∥∥∥2

∞
(6.23)

6.4.1 Proposed SQUID-UFMC precoding

The convex optimization problems are solved efficiently by employing iterative Douglas-

Rachford splitting (DRS) scheme. They are represented in the form of closed convex functions,
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such as f (.) and g (.).
min

B̂∈CB×N
f
(
B̂
)

+ g
(
B̂
)

(6.24)

The closed convex functions ( f (.) and g (.)) have proximal operators, which are denoted as

follows:

prox f (V) = arg min
B̂∈CB×N

f
(
B̂
)

+
1
2

∥∥∥B̂ − V
∥∥∥2

F (6.25)

proxg (V) = arg min
B̂∈CB×N

g
(
B̂
)

+
1
2

∥∥∥B̂ − V
∥∥∥2

F (6.26)

The DRS is an iterative technique and can solve the convex optimization problems of the form

represented in eq(6.24) by doing iterations for t = 1, 2....,Tmax. Here, Tmax represents the maxi-

mum number of iterations of the SQUID precoder and the procedure is described below.

Â(t) = prox f

(
2B̂(t−1)

− Ĉ(t−1)
)

(6.27)

B̂(t) = proxg
(
Â(t) + Ĉ(t−1)

− B̂(t−1)
)

(6.28)

Ĉ(t) = Â(t) + Ĉ(t−1)
− B̂(t) (6.29)

Then, the SQUID-UFMC precoder is used to support UFMC waveform, arbitrary constant en-

velope alphabets, and oversampling DACs. The proposed SQUID-UFMC precoder solves the

convex optimization problems
(
Pl2
∞

)
and

(
Pl2
∞̃

)
by performing iterations. Let us assume the

convex function f
(
B̂
)

as f
(
B̂
)

=
∑

k∈Ic

∥∥∥sk − Ĥkb̂k

∥∥∥2

2
for both optimization problems

(
Pl2
∞

)
and(

Pl2
∞̃

)
, the convex function g

(
B̂
)

as g
(
B̂
)

= γa

∥∥∥∥vec
(
B̂FH

N

)∥∥∥∥2

∞
for the optimization problem

(
Pl2
∞

)
,

and g
(
B̂
)

as g
(
B̂
)

= γa

∥∥∥∥vec
(
B̂FH

N

)∥∥∥∥2

∞̃
for the optimization problem

(
Pl2
∞̃

)
.

The proximal operator for convex function f (.) in eq(6.25) is independent in the columns

of the matrix B̂. Therefore, the Â(t) in eq(6.27) is calculated for information subcarriers and

guard subcarriers independently. The kth column of Â(t) for guard subcarriers (i.e., k ∈ Gc) can

be obtained as a(t)
k = 2b̂(t−1)

k − ĉ(t−1)
k and the kth column of Â(t) for information subcarriers (i.e.,

k ∈ Ic) can be determined as

a(t)
k =

(
ĤH

k +
1
2

IB

)−1 (
ĤH

k sk + b̂(t−1)
k −

1
2

ĉ(t−1)
k

)
(6.30)

The eq(6.30) can be written in a simplified form as

a(t)
k =

(
IB − JkĤk

) (
2b̂(t−1)

k − ĉ(t−1)
k

)
+ dk (6.31)
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Algorithm 1: Determination of proximal operator (u) for the squared infinity norm (l2
∞ )

1 Inputs: z ∈ RN ,λ ∈ (0,∞)
2 o← abs(z)
3 e← sort(o, ’descending’)
4 For k = 1, 2, ....,N do
5 ck ←

1
2λ+k

∑k
i=1 ei

6 end for
7 δa ← max {0,maxk {ck}}

8 For k = 1, 2, ....,N do
9 uk ← min {ok, δa} sgn (zk)
10 end for
11 return u

where the vector a(t)
k and the vector c(t)

k are the kth columns of Â(t) and Ĉ(t), respectively. The

matrix Jk (Jk ∈ C
B×U) and the vector dk (dk ∈ C

B) can be defined as given below.

Jk = ĤH
k

(
ĤkĤH

k +
1
2

IU

)−1

(6.32)

dk = 2
(
ĤH

k sk − JkĤkĤH
k sk

)
(6.33)

Next, the proximal operator for convex function g (.) in eq(6.26) can be determined by consid-

ering λ > 0 and modifying the proximal operator in eq(6.28) as

u = proxλl2∞
(z) = arg min

u∈RN
λ ‖u‖2∞ +

1
2
‖z − u‖22 (6.34)

The proximal operator u can be calculated by employing Algorithm 1. Later, the convex op-

timization problems
(
Pl2
∞

)
and

(
Pl2
∞̃

)
are solved by employing the iterative scheme that is de-

scribed in Algorithm 2.

Algorithm 2 ( SQUID-UFMC ): Determine Jk and dk for information subcarriers (i.e., k ∈

Ic) from eq(6.32) and eq(6.33), respectively. Initialize the matrices Ĉ(0) = 0B×N and B̂(0) = 0B×N .

Subsequently, calculate the following quantities at each iteration t = 1, 2, ...T .

a(t)
k =


Rk

(
2b̂(t−1)

k − ĉ(t−1)
k

)
+ dk, if k ∈ Ic.

2b̂(t−1)
k − ĉ(t−1)

k , if k ∈ Gc

(6.35)

B̂(t) = proxg
(
Â(t) + Ĉ(t−1)

− B̂(t−1)
)

FN (6.36)

Ĉ(t) = Â(t) + Ĉ(t−1)
− B̂(t) (6.37)
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Where Rk =
(
IB − JkĤk

)
. The proxg (.) in eq(6.36) is determined using Algorithm 1. After the

final iteration, B̂(T )FH
N is quantized to the constant envelope alphabet XB×N

Q to get the massive

MIMO-UFMC signal X(T ) at the transmitter.

6.5 Proposed piecewise linear companding scheme

The massive MIMO-UFMC signal contains peak amplitudes, average amplitudes, and

small amplitudes. The companding transform reduces the PAPR of the proposed system by

employing PLC scheme.

In the proposed PLC scheme, the original signal is companded based on the peak ampli-

tude. It linearly transforms the signals with amplitudes that are close to the peak amplitude and

clips the signals with amplitudes that are over the peak amplitude. The small amplitudes (i.e.,∣∣∣X̃∣∣∣ ≤ α1) are transmitted directly and the average amplitudes (i.e., α1 <
∣∣∣X̃∣∣∣ ≤ α2) are trans-

formed linearly by using the companding factor ρ, whereas the large amplitudes (i.e.,
∣∣∣X̃∣∣∣ > α2)

are clipped to reduce the peak power of the system.

The peak amplitude (i.e., α2) can be expressed in terms of σx and PAPRpreset (i.e., α2 =

σx10PAPRpreset/20). Based on the value of α2, the minimum amplitude α1 is determined. The

companding transform of the proposed PLC scheme is given below.

t (x) =


x, if |x| 6 α1

ρx + (1 − ρ)α2, if α1 < |x| 6 α2,

sgn (x)α2 if |x| > α2

(6.38)

Here, the sgn(x) denotes the signum function.

6.5.1 No decompanding (NDC)

The received signal with no decompanding offers better BER performance than the re-

ceived signal with decompanding at the receiver. The companded signal tc
n is the combination

of distorted MU massive MIMO-UFMC signal and the companding noise component qn and is

described as

tc
n = ψX̃ + qn (6.39)
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where ψ denotes attenuation factor and is expressed as [31]

ψ =
E

{
tnX̃∗

}
E

{
X̃X̃∗

} =
1
σ2

∫ ∞

0
xt (x) f|X̃|dx (6.40)

The average power of the tc
n signal is calculated as

Ptcn = PψX̃ + Pqn = ψ2PX̃ + Pqn (6.41)

In companding operation, the average power of the tc
n signal and the average power of the X̃

signal are kept at the same level.

Ptcn = PX̃ (6.42)

ψ2PX̃ + Pqn = PX̃ (6.43)

Pqn = PX̃(1 − ψ2) (6.44)

It can be concluded from eq(6.44) that the average power of the noise component qn will be

small when ψ < 1. Then the received signal yn at the receiver with channel noise wn is given as

yn = tc
n + wn (6.45)

The recovered signal X̃
′

after decompanding at the receiver side is

X̃
′

= υyn + qc
n (6.46)

substituting υ = 1
ψ

and qc
n = −

qn
ψ

in eq(6.46) gives X̃
′

X̃
′

=
1
ψ

(
tc
n + wn

)
+ qc

n =
tc
n + wn

ψ
−

qn

ψ
= X̃ +

wn

ψ
(6.47)

It is noticed that from eq(6.47), the received signal with decompanding amplifies channel noise

as wn changes from wn to wn
ψ

. Whereas the equivalent noise without decompanding is represented

as the combination of companding noise and the channel noise. Hence, the equivalent noise with

and without decompanding can be given as wn
ψ

and wn + qn, respectively.

The attenuation factor is found to be 0.99, which is close to one. Hence, we conclude

from eq(6.47), that the proposed PLC scheme provides little companding noise, thus resulting

in attaining better BER characteristics when decompanding is not applied at the receiver.
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Figure 6.3: Comparison of PAPR performance of the proposed quantized MU massive MIMO-
UFMC system with SQUID precoder for different number of subcarriers and various precoding
schemes.

6.6 Performance evaluation

In this section, the performance of the proposed UFMC based MU massive MIMO is

evaluated in terms PAPR and BER. Simulations are carried out by considering the 128 base

station antennas (i.e., B = 128) at the BS and 8 user equipments (i.e., U = 8) at the receiver.

Also, the UFMC parameters, such as number of sub-bands, number of sub-carriers in each

sub-band, filter length, and the size of FFT are considered as 8, 15, 20, and 512, respectively.

The PAPR performance of the proposed quantized UFMC based MU massive MIMO system

for different subcarriers (i.e., 72, 120, 144, and 200) is illustrated in Fig. 6.3. The proposed

quantized SQUID precoder offers better PAPR reduction when 72 subcarriers are incorporated.

Moreover, Fig. 6.3 shows the PAPR performance of the ZF, MRT, and WF precoding schemes

for Ic=120. It is observed from Fig. 6.3 that the PAPR values of the proposed system model

with ZF, MRT, WF, and SQUID precoding at CCDF of 10−3 are 13.8 dB, 13.8 dB, 13.5 dB, and

9.2 dB, respectively. Since the PAPR of the proposed system model with SQUID precoding

is least among all the schemes, the proposed SQUID precoding offers better PAPR reduction

when compared to ZF, MRT, and WF precoding schemes.

The PAPR of the proposed system is further reduced by employing a PLC scheme. As

there is a trade-off between PAPR and BER, optimum companding parameter (i.e., ρ) has to

be chosen carefully in the design of companding schemes. The threshold parameters α1 and

α2 are 20.2 mV and 67.2 mV, respectively. The CCDF performance of the PLC scheme for

different values of ρ is depicted in Fig. 6.4. It is shown in Fig. 6.4 that the PAPR values of

the proposed PLC scheme are 5.15 dB, 4.5 dB, 5.15 dB, 4.95 dB, and 4.5 dB at ρ = 0.3, ρ =
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Figure 6.4: PAPR performance of the proposed quantized MU massive MIMO-UFMC system
with SQUID precoder for the proposed PLC technique on various values of ρ.
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Figure 6.5: Variation of BER curves of the proposed quantized MU massive MIMO-UFMC
system with SQUID precoder for the proposed PLC scheme with no decompanding on different
values of ρ.

0.5, ρ = 0.7, ρ = 0.8, and ρ = 0.9, respectively. Hence, it is concluded that as ρ increases PAPR

decreases. However, the proposed PLC offers better PAPR reduction when ρ = 0.9 and ρ = 0.5.

Therefore, it is necessary to find the optimum value of ρ that can attain better BER performance.

The BER characteristics of the quantized UFMC based massive MIMO with PLC scheme for

different values of ρ are illustrated in Fig. 6.5. It shows that minimum BER is attained at ρ =

0.9. Furthermore, the PSD characteristics of the proposed model for different values of ρ are

described in Fig. 6.6. It is obvious from Fig. 6.6 that as ρ increases, the PLC scheme reduces

the OOB emissions. Finally, it is concluded from Fig. 6.4, Fig. 6.5, and Fig. 6.6 that the ρ of

0.9 offers better PAPR, BER, and PSD performance.

The CCDF performance of the proposed quantized massive MIMO-UFMC signal and var-

ious companding schemes, such as µ-law, LNST, LC, and the proposed PLC scheme at BS = 64
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Figure 6.6: Variation of PSD curves of the proposed quantized MU massive MIMO-UFMC
system with SQUID precoder for the proposed PLC scheme on various values of ρ.
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Figure 6.7: Performance comparison of PAPR curves of the proposed massive MIMO-UFMC
signal, LNST, LC, and the proposed PLC schemes for QPSK by considering BS = 64 and U =

8.

and U = 8 are presented in Fig. 6.7. The proposed PLC scheme provides improved PAPR per-

formance than other companding transforms and original massive MIMO-UFMC signal without

companding.

The CCDF performance of the proposed quantized massive MIMO-UFMC signal and

various companding schemes, such as µ-law, LNST, LC, and the proposed PLC scheme at BS

= 128 and U = 8 are presented in Fig. 6.8. The µ-law, LNST, and LC schemes offer better

PAPR reduction than the massive MIMO-UFMC signal. Moreover, the proposed PLC scheme

provides improved PAPR performance than other companding transforms and original massive

MIMO-UFMC signal without companding. Hence, the proposed 1-bit DAC quantized massive

MIMO-UFMC signal with PLC scheme can be used in power-efficient applications.
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Figure 6.8: Comparison of PAPR performance of the proposed massive MIMO-UFMC signal,
µ-law, LNST, LC, and the proposed PLC scheme for QPSK by considering BS = 128 and U =

8.

Table 6.1: PAPR values of quantized massive MIMO-UFMC signal and various companding
transforms

Quantized massive
MIMO-UFMC
signal without
companding

µ-law
(µ = 2)

LNST
(u = 0.8)

LC (ρ1 = 1.5,
ρ2 = 1, ρ3 = 0.5)

Proposed PLC
(ρ = 0.9)

PAPR in dB
at CCDF = 10−3 9.2 6.69 6.0 5.42 4.5

Table 6.2: Improvement of PAPR reduction of various companding techniques with the quan-
tized massive MIMO-UFMC

µ-law
(µ = 2)

LNST
(u = 0.8)

LC (ρ1 = 1.5,
ρ2 = 1, ρ3 = 0.5)

Proposed PLC
(ρ = 0.9)

PAPR in dB
at CCDF = 10−3 2.51 3.2 3.7 4.7
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Figure 6.9: BER curves of the proposed nonlinear SQUID precoding 1-bit quantized massive
MIMO-UFMC signal and various companding schemes for QPSK.

The PAPR values of the proposed 1-bit quantized DAC massive MIMO-UFMC and several

companding transforms are depicted in Table 6.1. It is obvious from Table 6.1 that the 1-bit

quantized DAC massive MIMO-UFMC, µ-law, LNST, LC, and the proposed PLC schemes

provide 9.2 dB, 6.69 dB, 6.0 dB, 5.42 dB, and 4.5 dB, respectively.

The improvement of PAPR reduction of several companding transforms with reference

to massive MIMO-UFMC without companding is illustrated in Table 6.2. In comparison with

massive MIMO -UFMC signal, the µ-law, LNST, LC, and the proposed PLC schemes provide

improvements of 2.51 dB, 3.2 dB, 3.7 dB, and 4.7 dB, respectively.

The BER curves of the massive MIMO-UFMC signal, LNST, LC, and the proposed PLC

schemes for QPSK are illustrated in Fig. 6.9. It is confirmed from Fig. 6.9 that the proposed

nonlinear 1-bit SQUID precoder provides better BER performance than linear quantized 1-bit

ZF precoder. Moreover, the proposed PLC transform offers better BER characteristics than LC

and LNST schemes. The proposed PLC without decompanding provides a slight degradation

in BER when compared to the massive MIMO-UFMC signal without companding. Table 6.3

illustrates the BER analysis at SNR of 10−3 for the massive MIMO-UFMC signal, LNST, LC,

and the proposed PLC scheme. Additionally, it provides the comparison of BER characteristics

of the proposed quantized massive MIMO-UFMC SQUID precoded signal with the massive

MIMO SQUID precoded signal and massive MIMO with symbol scaling approach [32]. It is

concluded from Table 6.3 that the proposed model offers improved BER performance when

compared to the state-of-art schemes.

The BER curves of the proposed massive MIMO-UFMC and the proposed massive

MIMO-UFMC model with various companding schemes, such as LNST, LC, µ-law, and the
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Table 6.3: Comparison of SNR values of the proposed model without companding, various
companding schemes, and massive MIMO with SQUID and symbol scaling methods

massive
MIMO-UFMC
SQUID without
companding

LNST
(u=0.8)

LC
(ρ1=1.5,
ρ2=1, ρ3=0.5)

Proposed
PLC
(ρ=0.9)

Massive
MIMO-
SQUID
precoding [32]

Massive
MIMO-
symbol
scaling [32]

SNR in dB
at BER=10−4 6.5 8.8 7.8 7 7 8.5
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Figure 6.10: BER curves of the proposed nonlinear SQUID precoding 1-bit quantized massive
MIMO-UFMC signal and various companding schemes for QPSK with SSPA.

proposed PLC are analyzed by including a solid state power amplifier with pa of 2 and IBO of

5 dB, as illustrated in Fig. 6.10. The SSPA is one of the widely accepted models of HPA and is

more advantageous due to the utilization of Gallium Arsenide (GaAs) device technology. It is

concluded from Fig. 6.10 that the performance does not change much even in the presence of

SSPA.

The BER curves of the massive MIMO-UFMC signal, LNST, LC, and the proposed PLC

schemes for 8-PSK and 16-QAM are illustrated in Fig. 6.11 and Fig. 6.12, respectively. The

proposed nonlinear SQUID precoding 1-bit quantized massive MIMO-UFMC with PLC trans-

form offers better BER characteristics than LC and LNST schemes.

The PSD characteristics of the proposed massive MIMO-UFMC model and the proposed

massive MIMO-UFMC model with various companding schemes, such as LNST, LC, µ-law,

and the proposed PLC are described in Fig. 6.13. The proposed model with PLC offers less

side-lobe levels than other companding schemes, whereas the conventional µ-law produces both

OOB and in-band distortions.
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Figure 6.11: BER curves of the proposed nonlinear SQUID precoding 1-bit quantized massive
MIMO-UFMC signal and various companding schemes for 8-PSK.
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Figure 6.12: BER curves of the proposed nonlinear SQUID precoding 1-bit quantized massive
MIMO-UFMC signal and various companding schemes for 16-QAM.
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Figure 6.13: PSD curves of the proposed nonlinear SQUID precoding 1-bit quantized massive
MIMO-UFMC signal and various companding schemes.



116 Chapter 6, Section 7

Table 6.4: Comparison of performance analysis of the proposed schemes with the state-of-art
schemes

Companding
Transform

PAPR reduction
improvement at
CCDF=10−3

Additional SNR
required at
BER=10−3

net-gain
(PAPR reduction
improvement-
Additional SNR)

LC (ρ1=1.5,ρ2=1,ρ3=0.5) 3.7 1.1 2.6
LNST (u=0.8) 3.2 2.1 1.1
Proposed PLC (ρ=0.9) 4.7 0.5 4.2
ALC (M=1,s=1.2,v=1.8) [116] 4.7 1.7 3
EC (d=0.7) [116] 4.8 1.9 2.9

The performance analysis of the proposed quantized massive MIMO-UFMC with PLC

scheme is compared with the literature, as shown in Table 6.4. The proposed PLC transform is

compared with EC and amplitude-limiting companding (ALC) of OFDM system. The net gain

of the quantized massive MIMO-UFMC with PLC scheme is 4.2 dB, which is higher than other

companding transforms.

6.7 Conclusion

In this contribution, we have proposed quantized MU precoding and companding schemes

for PAPR reduction of massive MIMO-UFMC system. Also, a nonlinear phase-quantized low

resolution SQUID precoder, which reduces the MUI and enhances the power efficiency of the

massive MIMO-UFMC system, has been proposed. The SQUID-UFMC precoder is an iterative

scheme that solves the convex optimization problems effectively. Simulation results confirm

that the proposed UFMC based massive MIMO system with 1-bit SQUID precoder provides

better PAPR reduction. Besides, the use of 1-bit DACs simplifies the hardware design of the

proposed massive MIMO based UFMC system. Also, the nonlinear precoders minimize the

MSE between the transmitted symbols and received symbols. Hence, the BER characteristics

of the proposed UFMC based massive MIMO system with 1-bit nonlinear SQUID precoder

outperform linear 1-bit ZF and MRT precoders. Additionally, a PLC scheme that further reduces

the PAPR of the proposed UFMC based massive MIMO system with 1-bit SQUID precoder has

been proposed. Simulation results show that 1-bit quantized massive MIMO-UFMC with the

proposed PLC scheme provides enhanced PAPR reduction of 4.7 dB, which is higher than

LNST and LC schemes. Moreover, the proposed PLC scheme offers better BER characteristics

than LNST and LC schemes. The theoretical analysis has confirmed that the proposed PLC

scheme without decompanding provides better BER characteristics than with decompanding.
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Finally, it has been concluded that the proposed MU precoding with PLC scheme improves the

energy efficiency of the UFMC based massive MIMO systems.



Chapter 7

Conclusions and Future Scope

7.1 Conclusions

The thesis mainly reports the performance analysis of the UFMC system. Initially, channel

estimation has been employed to analyze the performance of UFMC system in terms of MSE

and BER. A comb type pilot structure has been employed to insert the pilots in all UFMC

symbols. Afterwards, LS and MMSE estimation techniques have been employed to estimate

and compensate the channel at the receiver structure. The interpolation techniques, such as

linear and spline have been applied to estimate the channel at data subcarriers. The estimation

accuracy of LS technique is poor as MSE is inversely proportional to SNR. Since LS method

is simple, it is widely used for channel estimation. Whereas MMSE provides better accuracy

when compared to LS technique. However, the computational complexity of MMSE is high due

to the requirement of knowledge of channel statistics (KCS) parameters. Finally, it is concluded

that the proposed UFMC system with channel estimation offers better BER performance when

compared to UFMC system without channel estimation.

An exponential companding scheme, which transforms rayleigh distributed UFMC signals

into uniform distribution, has been presented for UFMC system. Simulation results have illus-

trated that EC technique provides better PAPR reduction with degradation in BER when com-

pared to original UFMC signal and µ-law scheme. Further, we have proposed a new NCT called

"modified exponential companding", which alters the large and small amplitudes of UFMC sig-

nals depending on two companding levels based on a threshold parameter. Simulation results

have proven that MEC-NDC scheme provides improved BER of 9.1×10−4 at SNR=15 dB than

118
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EC technique. Moreover, by properly choosing companding factors d1, d2, and α, the system

becomes more flexible and can be used in various applications. The theoretical analysis has

proven that the proposed MEC scheme with no decompanding operation offers an enhanced

BER performance than with decompanding at the receiver. Furthermore, by properly choosing

the clipping ratio of 1.5, an optimal hybrid scheme provides enhanced PAPR reduction of 8.02

dB and the net gain of 7.72 dB. In addition to this, the BER performance of various compand-

ing techniques has been analyzed over a multipath fading channel. Moreover, the experimental

results show that a significant PAPR reduction has been attained by using the proposed hybrid

scheme. Finally, it is concluded that the proposed hybrid schemes improve the efficiency of the

UFMC system performance.

A hybrid transform that combines the NCT based on error function and clipping tech-

nique has been proposed for UFMC system. Moreover, the performance evaluation of various

NCTs have been presented. The simulations have shown that the proposed hybrid transform

with CR of 1.6 offers improved PAPR reduction of 8.1 dB. Also, the proposed hybrid transform

with CR of 1.4 provides enhanced PAPR reduction of 8.5 dB with a slight degradation in BER

when compared to the µ-law and the companding scheme based on error function. Additionally,

proper selection of various factors, such as β1, β2, and CR ensure the system flexibility and more

freedom. Besides, the proposed hybrid scheme with CR of 1.4 offers enhanced net gain of 8.9

dB. The theoretical study has confirmed that the proposed hybrid scheme without decompand-

ing provides better BER characteristics than with decompanding at the UFMC receiver. Also,

the performance of the proposed hybrid schemes and various companding transforms have been

investigated by considering the HPA. Besides, the BER characteristics of several companding

transforms have been evaluated over a multipath rician channel. Additionally, the experimental

outcomes describe that better PAPR reduction has been achieved by employing the proposed

hybrid transform. It has been concluded that the proposed hybrid technique enhances the per-

formance of UFMC system.

A joint pilot-based time domain CE with hybrid PAPR reduction scheme has been pro-

posed for UFMC system. In the proposed time domain CE, the CSI, which has been employed

to enhance the performance of CE, is obtained in advance. Moreover, the proposed CE does

not need the length of UFMC symbol to be much larger than the maximum delay spread of

the channel. Hence, the computational complexity of the proposed time domain CE is less and

adaptable to rapid channel variations. Also, LC scheme that improves the PAPR performance

with more design flexibility by using two inflexion points has been proposed. Simulation re-

sults show that the proposed LC scheme offers improved PAPR reduction of 6.2 dB at a CCDF

of 10−4 and the BER is 0.3875 ×10−4 at a SNR of 14 dB. Moreover, a hybrid scheme with
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proper clipping ratio has been proposed. The proposed LC+clipping with a CR of 1.4 offers

improved PAPR reduction of 8.8 dB and the net gain of 7.3 dB. Besides, the proposed hybrid

transforms have been compared with the DFT-ARCT and ICF-ENC schemes. Additionally, the

proposed time domain CE with hybrid scheme has been validated and the experimental results

have concluded that the PAPR performance has been improved by employing the proposed hy-

brid method. Eventually, it is concluded that the proposed channel estimation along with PAPR

reduction method enhances the performance of UFMC system.

A quantized MU precoding and companding schemes for PAPR reduction of massive

MIMO-UFMC system has been proposed. Also, a nonlinear phase-quantized low resolution

SQUID precoder, which reduces the MUI and enhances the power efficiency of the massive

MIMO-UFMC system, has been proposed. The SQUID-UFMC precoder is an iterative scheme

that solves the convex optimization problems effectively. Simulation results confirm that the

proposed UFMC based massive MIMO system with 1-bit SQUID precoder provides better

PAPR reduction. Besides, the use of 1-bit DACs simplifies the hardware design of the pro-

posed massive MIMO based UFMC system. Also, the nonlinear precoders minimize the MSE

between the transmitted symbols and received symbols. Hence, the BER characteristics of the

proposed UFMC based massive MIMO system with 1-bit nonlinear SQUID precoder outper-

form linear 1-bit ZF and MRT precoders. Additionally, a PLC scheme that further reduces

the PAPR of the proposed UFMC based massive MIMO system with 1-bit SQUID precoder

has been proposed. Simulation results show that 1-bit quantized massive MIMO-UFMC with

the proposed PLC scheme provides enhanced PAPR reduction of 4.7 dB, which is higher than

LNST and LC schemes. Moreover, the proposed PLC scheme offers better BER characteristics

than LNST and LC schemes. The theoretical analysis has confirmed that the proposed PLC

scheme without decompanding provides better BER characteristics than with decompanding.

Finally, it is concluded that the proposed MU precoding with PLC scheme improves the energy

efficiency of the UFMC based massive MIMO systems.

7.2 Future scope

In this thesis, various channel estimation schemes and PAPR reduction schemes have been

employed for UFMC system. Moreover, the performance of UFMC based massive MIMO has

been analyzed. This work can be further extended as follows.

• Joint channel estimation and noise variance estimation in UFMC can be investigated.
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• PAPR reduction in UFMC systems for massive MIMO applications using different coding

techniques can be investigated.

• Impact of carrier frequency offset on different PAPR reduction techniques can be investi-

gated.

• Further, there are many aspects of UFMC signals not addressed in this thesis that would

be worth investigating.
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