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Abstract

ABSTRACT

The first section of the thesis is based on realistic and technically implementable energy
efficiency (EE) model for massive MIMO systems. Linear processing approaches such
as zero-forcing (ZF), minimum means squared error (MMSE), and maximal-ratio-
transmission (MRT) are utilized for detection and precoding. In addition, a power
dissipation model that takes account of overall power usage in uplink (UL) and
downlink (DL) communications is also modelled. The proposed model includes the
general power consumed by the power amplifier (PA) and circuit components at the
base station (BS) and single-antenna user equipment (UEs). The optimal number of BS
antennas to support the total number of UEs is also calculated. The simulation findings
confirm significant gains in area throughput and EE. It also indicates that the optimum
area throughput and EE may be obtained when more antenna arrays at BS are built to

support a more significant number of UEs.

The second portion of the thesis presents a practical model that augmented the Spectral
Efficiency (SE) of massive MIMO systems using a multi-cell model scenario. First,
channel estimation is performed at BSs using UL transmission. Simultaneously, the
minimum mean-squared error (MMSE), element-wise MMSE, and least-square (LS)
estimators are used. The feasible SE of the UL is next examined using the MMSE
channel estimator with various received combining techniques. Moreover, the DL
transmission model is also modelled with different precoding schemes using the same
vectors used in combining schemes. The simulation results show a significant
improvement in SE by developing UL and DL transmission models. It is also realized
that the average sum of SE per cell is improved by optimized MMSE channel

estimation, installing multiple BS antennas, and serving multiple UEs per cell.

In 3™ part of the thesis, an optimal solution for tradeoffs of SE and throughput with EE
has been presented. The research work is based on the Wyner models of UL and DL
transmission models, where a multi-cell model scenario is considered. The tradeoff of
SE-EE is carried out by optimizing the selection of antenna and UEs, while the
logarithm function-based approximation method is used for the optimization. The
author analyzes the combining and precoding schemes for the UL and DL power

consumption modeling with all realistic circuit power consumption models to optimize

viii



Abstract

the tradeoff between EE and throughput. The findings of the simulation demonstrate a
significant improvement in SE-EE trade-offs by establishing suitable UL and DL
transmission models and logarithm-function based approaches. The trade-off between
performance and EE can also be strengthened by knowing the entire realistic energy

utilized by the network.

X
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Introduction

CHAPTER 1
INTRODUCTION

Massive MIMO systems offer the viable potential for mobile communication systems
of the 5th generation (5G) since they can improve the area throughput and energy
efficiency (EE) [1]. Massive MIMO systems have become the most persuasive
technology for 5G as it increased the EE gigantically compared to other wireless
communication systems. Wireless networks are fully occupied with high traffic
demands as the cellular systems are installed within a few meters to raise needs [2].
Machine-to-machine communication and the internet of things (IoT) are promising
concepts of the high data demand, while smartphone applications are also reasons for
elevation in enormous wireless traffic. More facilities like live games, video calls,
Facebook, Twitter, WhatsApp, and many other social media services have dramatically
changed the scenario. It is causing transitions from third-generation (3G) to 5G since
low latency is required with a high data rate. As reported in [3], the data needed for
smartphone services are ten times increased in the latest five years. Figure 1.1 shows

the annual growth of mobile data and the number of devices used for this purpose.
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Figure 1.1 Annually growth of mobile data and numbers of devices from 2016-21 [3].

The immense volume of data traffic has become a challenge for the already installed
infrastructure. Massive MIMO is an extension of MIMO systems. It becomes a
fascinating technology to fulfil the current rising needs by providing thousands of
antennas to Base stations (BSs) since it contributes towards augmenting Spectral

Efficiency (SE), EE, and throughput. This technology caters to all the necessities
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required for ultra-high capacity and speed for 5G through carrying multiple antennas,
radios, and greater spectrum at the same time [4]. Massive MIMO is distinguished by
the enormous array gain attained by an enormous number of antennas. Mobile networks
have famed marvellous evolution in the last few years as they advanced from 1G to 5G
and beyond, as shown in Figure 1.2. It is an impressive growth in mobile technology,

while the era started in the early 80s.

These wireless networks are developed with the BS and User Equipment (UE), whereas
both are rapidly advanced in technology, as seen in Fig 1.3. The 5G mobile technology
will be implemented 100 times faster than the existing 4G technology since it offers
high data rates up to 10 Giga bytes per second (Gbps) [3]. It enables IOTs networks,

smart vehicles, and many other smart applications.
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Figure 1.2 Rapid advancement in mobile communication from 1G to 5G and beyond.
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Figure 1.3 Illlustration of factors reasoning to rapid growth in data traffic.

5G technology becomes an efficient wireless network with massive throughput at the
same bandwidth to cater to high traffic demand. The primary concern with the existing
wireless networks is optimizing the bandwidth or densifying the cells to achieve the
required throughput [5]. Meanwhile, the EE is also becoming primary since the SE) and
throughput reaches their maximum limits. On the other hand, optimizing SE and
throughput increases the latency and cost of the hardware setup. Unfortunately, these
are unchanged even with the rapid growth of wireless networks [6]. Therefore, 5G
communication networks have created wonders in the progress of wireless
communication technology, as shown in Figure 1.3. The reason is that it increases the
SE and throughput enormously compared to the other technologies [7]. This research
work is based on the optimal model development of energy-efficient massive MIMO
systems as the most vibrant research technology. In this regard, massive MIMO
technology becomes the most influential technology for 5G due to enormous antennas

and UEs. Ultimately, it raises the circuit power consumption and reduces the EE [8].
1.1 Background

In 5G, BS of a massive MIMO system is equipped with many antennas to provide the

advantage of SE and EE, but it leads to increases in cost and energy consumption of
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UEs [9], [10], [11]. The selection of multiple antennas is the latest need of a massive
MIMO system. The example of massive MIMO systems is shown in Figure 1.4. The
BS of MIMO systems consists of M numbers of antennas as M>>1 having a single UE

antenna. The received vector y is denoted as [12] :

y=Hx+n (1.1)

Where y is used for [y1, V2, V3, V4 <o ver vee e oo Y] 18 the signal vector as shown in
Figure 1.4. The channel matrix is H € CM*K  and x € (X is a transmitted symbol for
K users. Additive white Gaussian noise (AWGN) denotes asn € CM followed by n ~
CN(0,02%1)

(R 1)

(R ]

UE-K

Figure 1.4 lllustration of massive MIMO systems [12].

Massive MIMO is a multi-user MIMO technology, serves the users with K single-
antenna on the same time-frequency resource through BS. This BS is usually equipped
with a large no. of M antennas, i.e., M >> K, as shown in Figure 1.5. Generally, in a
massive- MIMO scheme, UEs are supported with many antennas. But, in [13], a simple

analysis with one antenna UEs is done. The installation of too many antennas at BS
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causes favourable propagation, and the channel becomes more deterministic. The
reason is that the radio link between BS and the user2s equipment becomes orthogonal
to each other. It happens because the impact of small-scale fading disappears
asymptotically in an enormous M system. Essential EE gain can be attained in
favourable propagation as realizing multi-order multiplexing and array gain. In this
regard, both uplink (UL) and downlink (DL) transmission are considered in a multi-cell

massive MIMO.

UE 4

L UE 1

UE 2

— Downlink
= =¥ Uplink

Figure 1.5 A multi-user MIMO scenario where K as single-antenna and UEs are
served by a BS with M >> K antennas [14].
The equation below shows the asymptotic Shannon capacity for UL and DL by taking
multiple user MIMO channels in favorable propagation [14].

k (1.2)
Co = ) 1ogy (1 + puichBy)
k=1
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k
Cpr = Z log, (1 + pp xMarBi) (1.3)
k=1

Where: p,, pand p,, , Notifies SNR of UL and DL for kth UE. f;signifies large scale
fading coefficients for K" equipment, and a,, Shows an optimal vector to find DL. For
more simplification, the effect of B can be neglected. Now, assume that each user
equipment transfers average SNR PU; therefore, Shannon capacity simplifies into

equation [14].:
CUL = Klogz (1 + Mpu) (14)

The same equation can be obtained for DL transmission as above. Equation (1.4) has

led us to the following observations

e The system’s input and output can be enhanced by raising the K or by multiplexing
parallel creeks of data to many UEs at the same time-frequency response.
e Power of transmission per UE can be lower down by increasing M or increasing BS

antennas.
The definitions of basic terms are:

Definition 1: “The total number of bits successfully sent per kilometre travelled in 1

second is referred to as area throughput, which is measured in bits-per-Joule”. [15].

bits (1.5)
Areq th hout = (Available data rate) (@)
rea throughput = (Area of cell) ~ km?

max Nt (1.6)
Toua(Y) = Ty ) (1= PYD)
i=1

Tpyt(¥) = Tpyr defines as maximum throughput that has to be achieved.

Definition 2: “The total bits sent successfully by the consumption of an energy joule is
known as Energy Efficiency measured in bits/per/joule [15]. EE depends on numerous
massive MIMO systems parameters, i.e. SE, network architecture, power

consumption, and transmission protocol. [16]”.
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The definition of SE is [15].

“The average numbers of bits containing information per complex sample which a

channel can reliably transmit under given considerations is called SE .

BS and UE architecture, the power is consumed by power source, cooling network,
backhaul connection, and other control equipment that have a viable impact on the

characterization of EE for the next-generation 5G network.
1.2 Objectives
This thesis has the following three objectives:

e Linear Precoding Schemes and Power Consumption Modeling are computed for EE
enhancement in Massive MIMO Systems. The power amplifier and analogue circuit
consumption are also computed.

e Performance evaluation of SE for UL and DL in Multi-Cell Massive MIMO
Systems is evaluated. In addition, the SE is enhanced by using combing schemes
and precoding schemes for UL and DL transmission, respectively.

e EE trade-off with SE and throughput is optimized based on the Wyner models of
UL and DL transmission models where a multi-cell model scenario is considered.
Power consumption models, optimal numbers of antenna and user equipment are

also computed.
1.3 Main Contributions

The significant contributions of the thesis are given below:

In the first part, mathematical models of linear precoding schemes and power
consumption are optimized for EE augmentation. In this regard, a canonical system is

considered for the single cell scenarios.

A realistic model is proposed in the second part that augmented the SE of massive
MIMO systems where a multi-cell model scenario is considered. Furthermore, the DL
transmission model is also modelled with different precoding schemes by taking the

same vectors used in combining schemes for the UL transmission.
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In the third part, optimal EE Trade-Off with SE and throughput for Massive MIMO
systems are evaluated. The trade-off of EE with SE is obtained from the optimal
selection of BS antennas and UE. Throughput is optimized through the computation of

power consumption modelling.
1.4 Used Environment

This thesis model is simulated in a MATLAB simulation environment on a research
workstation with Intel Core 15-6100U, 8GB RAM, 64-bit operating system, and 2.50

GHz Processor.
1.5 Structure of the Dissertation

In this chapter, a general overview of massive MIMO systems, the latest trends of
wireless networks, EE, SE, and throughput in massive MIMO are briefly introduced. In

addition, the thesis contribution and highlights of each chapter are also elaborated.

In the 2" chapter, a survey of related work is explained. The key feature of the previous
work is summarized in tabular form. The latest trends and approximation methods used
for the augmentation of EE are particularized while combing and precoding schemes
with power consumption models used by researchers are also considered. The SE
enhancement schemes are deeply analyzed, and key factors are elaborated as well. The
latest articles related to the tradeoff of EE with SE and throughout are summarized in

the end.

This thesis's third chapter depicts the standard of massive MIMO networks for both UL
and DL transmission. It also discusses the user distribution and linear precoding
techniques. Linear processing approaches, as earlier mentioned in the chapter, are
employed for detection and precoding. It later contains all essential mathematical
modelling and computations of the data rate and power utilization model. M, N, power,
area throughput, and EE optimization are all articulated. Furthermore, the results are
described in order to validate the theoretical analysis and draw comparisons between

the proposed model and current studies using predefined linear processing approaches.



Introduction

In the 4" chapter, the computed results of proposed models are appropriate to endorse
the massive MIMO systems that can enhance SE in a 5G cellular network. It illustrates
the proposed model for both UL and DL communication while the UL SE with the
MMSE estimator is compared with EW-MMSE and LS. In the end, the maximum-ratio

(MR) precoding scheme is modeled for the augmentation of DL SE.

In the 5 chapter, the model for a tradeoff between EE and SE for UL and DL where
the Wyner model is considered for the approximation and logarithm function-based
approximation methods is used for the optimized tradeoff. It investigates EE-SE
tradeoff by keeping in view the Wyner model for two cell scenarios and computed
optimized relation to select multiple antennas and UEs. The chapter also includes the
computational model to compute the complete realistic power and examined the
combining and precoding schemes for UL and DL networks ultimately. Finally, it refers
to the optimized tradeoff between EE and throughput. In the end. The results discussion

with model validation and conclusion are briefly particularized.

In the 6™ chapter, a discussion of the conclusion is drawn from this research. The

extension of future work is also examined.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

As earlier mentioned, Massive MIMO is a system in which the transmitter utilizes many
antennas and serves multiple users at one time under the same frequency resource. It is
considered a favourable technology for addressing challenges in next-generation
networks, i.e.,5G.[67]. The framework and analytical study of a massive MIMO system
is an innovative area of research [68]. However, its practical implementation faces
many challenges which still need to be solved. Higher data rates can be achieved if BSs
communicate under the same frequency or time resources with the end-users. The data
transmission in the DL network of massive-MIMO causes inter-user interference and
needs high transmission power. Therefore, interference cancellation at every BS is
necessary [19]. EE and ES massive MIMO systems and the system model used in this
thesis are introduced to review the corresponding EE issues in massive MIMO design.
The representative EE and SE studies relevant to channel fading, signal processing, and
power consumption are reviewed in Sections 2.4, 2.5, and 2.6, respectively. The trade-
off of EE with SE and throughput is explained in section 2.8. The summary of this

chapter is highlighted in the last section.

2.2 Energy-Efficient Massive MIMO Systems

5G communication networks have a high EE, smooth connectivity, and lower latency,
and it helps us create a bridge and secure point-to-point communication. Heterogeneous
networks (HetNet) have multiple BS, which establishes a mother network that depends
upon the coverage network, ultimately expanding the capacity and providing a cost-
effective way for users [20]. In recent years, these networks have saved energy
consumption for a future wireless system by consisting of nodes with different
parameters like coverage size and transmission power. High power nodes (HPN) are
installed in urban and semi-urban areas due to their extensive coverage size, while there

is a low power node is deployed in small coverage areas. It is also used to improve the
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EE of the system as compared to HPN. Two ways are reported to increase the system
capacity with the same EE, the first one is the different cell sizes, and the second one is
the user density of the system. EE can be improved by increasing the density of the BS,

but small cells are the best solution for EE formation [21].

MIMO technology is used for outdoor and indoor communication using 6 GHz
frequencies for long-distance high data rates. Beyond 5G (B5G) technology is deployed
to separate indoor and outdoor communication in ultra-dense networks. Meanwhile, it
becomes a network architecture that separates indoor and outdoor transmission and
supports a high data rate for less energy consumption than the non-separate scenario
[22]. 5G systems are designed to improve system capacity, SE whereas, 5G and B5G
networks combine macro, Pico, and small cell for the efficient wireless ultra-dense
networks. Alongside, loss of mm-wave and small coverage of LiFi reduce the efficiency
of an indoor access point (IAP) fixed in the neighbour rooms and buildings. A-line of
sight (LOS) path with a sub-6 GHz frequency band is used for communication between
a micro-based station antenna array (MBSALA) and a building-mounted antenna array
(BMAA). Besides that, LiFi technology balance the data through a light-emitting diode

(LED) and supports high-speed wireless communication using illumination [23].

5G utilizes high bandwidth and has a greater capacity than 4G, but maximum EE is
achieved by increasing and decreasing the system's power consumption. Maximum EE
1s accomplished by combining the small cell access points to a massive MIMO system.
Moreover, the BS and a small cell access point are combined for designing of EE
system. Meanwhile, 5G have a data rate of 100 Mbps for billions of users in which user
have equal access of data with an increment of SE. In this way, power consumption can
also be minimized by supporting quality of service (QoS) [24]. The system proposed in
[25] provides a high data rate at the same power per subcarrier under the consideration
of two path loss models. The total power consumption of the BS and small cell access

points is also erratic according to the number of antennas at the BS.
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2.3 Energy and Spectral Efficienc Augmentation

In the MIMO system, the number of antennas equipped with multiple radio frequencies
is impractical for EE. Therefore, hybrid precoding techniques instead of full digital
precoding are installed more energy-efficient and achieve better SE. Moreover, it has a
point-to-point transmission to minimize the Euclidean distance between the hybrid and
fully digital precoder [26]. Researchers used orthogonal matching pursuit (OMP)
system to get a hybrid precoder and fully connected structure to resolve hybrid
beamforming design. The alternating minimization (MO-AltMin) scheme was used for
the matrix factorization problem. Furthermore, the category of hybrid precoding
involved joint iterative and non-uniform quantization schemes to get a low-resolution
shifter [27]. On the other hand, hybrid precoding with high resolution provides a
solution using the additive quantization noise model (AQNM). The expression SE for
point-to-point mm-wave using Buss-gang theorem and AQNM are computed, and
hybrid precoding gets maximum adjustment between the SE and EE [28]. In device-to-
device (D2D) MIMO wireless communication, the distributed access point uses small
cells in the DL and is established by UEs. It can transfer data with or without the
involvement of the BS [29]. As earlier mentioned in the chapter. 1, the SE is known as
efficiently transmits the number of bits, and spectrum information ultimately improves
the EE and SNR. In the contest of wireless D2D communication, the distributed
resource allocation algorithm (DRAA) is more suitable than a centralized resource

allocation algorithm used in drone communication and self-driving vehicles [30].

An energy-efficient two-way MIMO amplifier and forward Amplify and Forward (AF)
relay system is designed [31]. It used the precoding method to improve the energy loss
MIMO systems. The precoding matrix was in closed form, and the numerical method
confirmed these matrices' efficiency. The energy-efficient 5G antenna is designed,
which is set by the international telecommunication union (ITU) [31]. The relay-based
communication methods have been further proposed by [32], where multiple proposals
like amplified and forward (AF), decode and forward, or compress and forward are
discussed. AF provides a break for the development interval on a one-way MIMO-AF
system from a single relay by using precoding techniques that have been spread to many

other matrices and other scenarios [32]. Basically, in one-way communication, the relay
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is used for two nodes in one direction, and in two-way communication, SE is twice

larger as one-way communication.

Researcher studies in [33] about EE, physical layer security of multi-user massive
MIMO systems is discussed. Secure information transmission is based on an increment
of secrecy rate by increasing transmit power. Secret key energy efficiency (SKEE)
combines cryptographic and physical layer security, defined as the ratio of secret-key
capacity and consumed power [34]. The co-located and distributed massive MIMO are
primarily used for physical security systems and improve the secrecy rate by
transmitting artificial noise (AN) when the number of a user is much less than the
number of the antenna. Global average secrecy energy efficiency (GASEE) measures
EE performance in a multi-user wiretap system [35]. 5G communication is the tool of
multiple antennas to improve SE, robustness, and reliability while it increases power
consumption. It raises the problem of designing wireless network systems. Nakagami-
m fading channel is used to minimize the conflict in different distributions and

classified as hybrid and co-located distribution [36].

The conversion of channel conditions develops an efficient MIMO wireless
communication system for a BS according to their user and QoS requirement.
Moreover, power consumption and EE of the BS can be improved by using an effective
strategy including zero-forcing, beamforming, and perfect channel [37]. Although
unimodal and user data rates increase for maximum EE, unimodal is average EE per
BS. Still, it increases the data rate that leads toward the loss of average EE. Moreover,
the linear precoding schemes of channels must be efficient with DL and UL pre-coders

due to the effect of inter-user and improper noise.

Furthermore, large array and multiplexing gain also enhanced the SE and EE, where a
BS is equipped with a large antenna array to develop the orthogonal channel pairwise
among users. Besides that, a massive MIMO system reduces the transmitted power of
the BS and terminal. However, most power is consumed at DL used by the cooling
system and PA at the BS [38]. Therefore, it can be reduced by decreasing the radio
frequency (RF) of transmitted power. Therefore, data rate and maximum outage are two
main factors for user QoS demand. Moreover, power consumption increases traffic load

for that power consumption that could be managed in green communication.
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Cell-free Massive MIMO uses the access point with the central processing unit (CPU)
using wireless microwave links. Work proposed in [39], SE is analyzed by estimating
and quantizing channel error where internal problems are divided into two sub-
domains: receiver filter coefficient design and power allocation. The first sub-domain
problem is developed as an eigenvalue problem. Still, the second one is converted into
geometric programming (GP) problem by using successive convex approximation
(SCA) and sub-optimal scheme [40]. Moreover, the 5G radio access network (RAN)
has a wide range for users to meet SE and EE's improvements [41]. Although, MIMO
and Cloud- radio access network (C-RAN) is the key factor of the 5G system. At the
same time, the C-RAN distributes remote radio heads (RRHs) across the coverage area
and processing the baseband at the base-band unit (BBU) [42]. Besides that, C-RAN
helps the networks to implement the RANs without inter-cell interference and combine
MIMO and C-RAN technology using a coordinated multiprocessing point. =~ Newton
and Lagrange’s decomposition methods solve the power allocation problem in closed
form to decrease the power involvement in EE and data rates. Meanwhile, maximum
EE expression is computed for many antennas at the BS using an energy-efficient low-
complexity algorithm (EELCA). In another scenario, the power consumption cost is
increased by loss in the RF chain [43]. However, the communication system demand
has solved channel variations and inter-user interference for a large number of antennas
to get strength. Although, a large number of the antenna increases system capacity at
the transmitter side with a restricted number of active users. The BSs allow the user to
get channel state information (CSI) according to channel gain, where maximum EE is
dependent on BS. The study shows the BS in the MIMO system consists of many
antenna arrays due to a high range of radiofrequency chains, which increases the power
consumption that consists of the circuit and transmitting power consumption. In the
research, RF chain power consumption increases in digital to analogue conversion,
power amplification, multiplexing, and signal filter [44]. EE becomes a more
significant concern for any communication system in this era. This study gives the
solution to maximize the EE of DL using power allocation with perfect channel state
information (CSI). Furthermore, the author improves energy and SE using power
amplification, and the power allocation algorithm depends on zero-forcing (ZF) by

turning off the RF of sedentary antennas [45].
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A model of low quality and cheap hardware with analog to digital converter is proposed
based on the low resolution [46]. The models are dependent on the implementation of
hardware and parametric analysis as a function of analogue to digital conversion (ADC)
resolution for UL-EE. The range of 4-8 bits by scaling antennas and decreasing ADC
resolution, the EE is increased with deduction of bit resolution by coupling antennas
scaling and degrading ADC resolution [47], [48]. The use of linear processing in UL
and DL indicates that the performance and power consumption are strongly connected
with an inverse relationship between hardware quality and the number of antennas.
Therefore, the power dissipation of ADC is enhanced in linearity due to the sampling
rate, but it has the concern of cheaper BS. However, the low average bit resolution with
low SNR is used at a large number of antennas and EE. Although, it is maximized by
the value of ADC resolution depend on the energy consumption block on the receiver
side. The ADC resolution is determined by the number of a user when the number of

antennas is increasing.

If the numbers of users are kept constant, the optimal resolution decreases if the user
has linearly increased the optimal resolution. The modulation schemes use UL and DL
data transmission at both sides of the novel transmitter and receiver, depending on the
user terminal's energy-efficient hybrid architecture. The analogue circuit has divided
into two stages: phase shifter and analogue switches, respectively. Phase shifter stages
overcome the path loss of outdoor mm-wave. Using high gain and analogue switches
smartly allows the antenna and combine the spatial correlation using a phase shifter. In
addition, it increases the EE by reducing the complex algorithm of beamforming and

combining UL and DL [49].

As earlier mentioned in [3], the number of connected devices is reached in tens of
billion in 2030 where it increases the demand of average data rate up to 1000 times
compared to the present network. The existing networks have a bandwidth shortage in
a low-frequency band, which moves towards the high frequency (mm-wave) band such
as massive MIMO systems. Therefore, MIMO technology provides a solution to the
challenges of several path losses and sensitivity of blockage by increasing the number
of antennas [50]. IT encourages the trade-off between antenna gain (AG) and degree of
freedom (DoF). Meanwhile, the large number of antennas increases the complexity and

bandwidth usage required by the precise CSI problem [51]. It is solved by the channel-
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based estimation and low complexity-based algorithm. Besides that, a large number of
antennas with digital architecture cannot be implemented due to space limitations and
power consumption. On the other hand, hybrid beamforming achieves a high data rate
than analogue beamforming [52]. The spatial modulation (SM) technique is developed

to reduce the cost, power consumption, and several RF chains [53].

2.4 Power Consumption Modeling

Researchers have developed an interest in low-cost and energy-efficient MIMO
systems with low-resolution (ADCs) in massive MIMO systems. The low-cost
hardware brings signal distortion and quantization error and reduces the communication
quality. Meanwhile, a maximum ratio combining receiver schemes is derived by [56]
for accurate approximation of UL SE where all ADC is considered to have the same
resolution. Although, AQNM is used for additive and independent noise to close the
ADC quantization error [57]. In the future, UEs could serve simultaneously using a

massive antenna at the BS for a cellular communication system.

With the rapid increase of world technology, with the same aspects, the MIMO
technique becomes an exciting technology with minimum cost and better efficiency
with low-resolution ADC [58]. Communication quality decreases due to low cost, and
the number of antennas enhances the quality of signals. High frequency reduced the
signal-to-noise ratio (SINRs) [59]. Many signal distortions decrease the date rate for
UL and DL transmissions. To remove the noise in analogue to digital converter, ADC

and AQNM are adopted that provide better results in communication networks [60].

The drawback of a high SE system is the complexity and power consumption. In this
regard, SM reduces the complexity of the transmission system while EE is improved
by CSI [61]. The transmitter end has multiple antennas to enhance system reliability
using automatic repeat request (ARQ) feedback. This system has a single RF chain, PA,
and multiple antennas to transmit data efficiently. Meanwhile, ARQ, chase combining
hybrid automatic repeat query (CC-HARQ), and incremental redundancy(IR)-HARQ
techniques are used to transmit information with their positive and negative
acknowledgement (ACK), respectively [62]. Although, exponential growth in wireless
data traffic can’t be secure by using a current cellular network. 5G network with

uniform coverage, high reliability, and low latency can improve the system capacity.
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Massive MIMO provides significant gain multiplexing by the channel estimation of
single and multiple users. BS with numbers of antennas send pilot signals using MRT
or ZF precoding techniques to simultaneously serve tens of users [63]. Therefore, the
power consumption of the circuit increases in hardware size, and EE optimization can’t
be obtained by time diversity for the power consumption model and specific model

parameters [64].

Massive MIMO technology faces difficulties by rapid growth in the number of users
and demand. In wireless technology mobile phones, the user increases the multimedia
needs, requiring more data rates and a better network. For that case, the CSI method
used in [65], the Time-division duplexing (TDD) mode, is also deployed for better
spectral and EE. To overcome the noise and protection of system losses, the signal
strength space-time block codes (STBCs) are used to secure the system by reducing the
SINRs [66]. The pilot contamination method is also introduced in cellular networks to
improve the data traffic management system in terms of social and economic [67]. The

power consumption in UL and DL transmission is model in [68].

P = Ppa+ Pc + Psys (21)

Where Pp, Implies total power consumed by Ppa and UE’s at BS for UL and DL. P, is
the total circuit power consumed by various analogue and digital signal processing

signals for UL and DL at the BS and user’s equipment [68]. F,s involves rest of

system’s dependent component P.

Pp,4 Rationalizes the total sum of power expense on RF transmission and Pc contains
total consuming power from RF chain component es, e.g. filters, mixers, synthesizers,
and baseband operations, named digital up/down conversion, precoding/receiver
combination, channel coding/decoding, and channel estimation. It is to be noted here
that a P It cannot be modelled as common practice or as a fixed-term free of M, K. This
is because the hardware deployment and its operational circuitry demands grow with
growing values of M, K. For example, taking unit RF chain per antenna employed in
the existing LTE system increases the numbers of RF chains at BS and UE. Moreover,
the mathematical calculation necessity for different base band operation is taken as a
function of M and K [69].: such as M, K operation are needed for ZF pre-coding, M, K

for MRC detection, M,K for minimum mean squared error (MMSE) channel
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estimation, and O(K) for channel coding, respectively. That is why the practical model
may take power consumption as a function of M, K and change in PC with M, K might
be analyzed in the middle of designing the energy-efficient massive-MIMO system.
Finally, P, Justifies consumed power by site-specific and architecture-specific
parameters, e.g. BS and UE architecture, Power source, cooling network, backhaul
connection, and other control equipment. Py, will have an viable impact on
characterization of EE for the next-generation 5G network as many BS and UE types

will exist in multiple frames of work with various cell sizes and power levels [18].

2.5 Pre-Coding and Combine Vector Schemes

Pre-coding techniques play an essential role in subtracting the interferences before
transmitting them through the channel from end-users on the transmitter side [70]. The
pre-coding technique is a practical and straightforward approach and is represented by
Linear Precoding [71]. In this technique, suitable signal processing is done at the
transmitter side to isolate users present in that space by enabling CSI at the transmitter
(CSIT) [72]. Obtaining a faultless CSIT is difficult in a severely faded channel. The
author in [73] articulates different challenges of implementing massive MIMO in 5G
systems, particularly transmitting antennas. Among them, precoding is considered an

active and more suitable research topic for massive-MIMO.

The estimation errors in CSI are studied in [74]. The article [75] investigated linear and
nonlinear pre-coding methods, which showed how using the pre-coding technique can
improve bit error rate (BER) by utilizing faultless CSI. Upon investigation, it has been
concluded that the nonlinear pre-coding approach needs complex computations at both
BSs and UEs. The author [76] analyzed the performance of massive-MIMO in a uni-
cell DL with various precoding techniques under faultless CSI. The authors took the
same SINR for pre-coders that were supposed to be ignored for better analysis. It is

done because each pre-coding has a different SINR.

In [77], a matrix and vector normalization for ZF and MRT pre-coding are compared.
The performance of these pre-coding techniques was investigated using CSI in a unit
cell boundary scenario. The article [28], a brief investigation based on the performance
of DL massive-MIMO along with ZF pre-coding, is done in terms of outage probability
and BER using faultless CSI. The system’s efficiency is tested using faultless CSI with
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ZF, and MRT is evaluated in [78]. The power capacity on UL of massive-MIMO
following perfect and imperfect CSI using a minimum value of mean square error, ZF,
and maximum ratio combining receivers is investigated [79]. The authors in [25],
examined and compared the efficacy of Eigen beamforming (BF) and RZF based on
feasible data rates alongside channel estimation errors in multi-cell DL systems [80].
To achieve the UL data rate of massive-MIMO, it incorporates the ZF and MRC
receiver, and a Ricean fading channel is analyzed using both perfect and imperfect CSI

[81].

The majority of work explained above has discussed the use of perfect CSI, but it is
practically difficult to obtain such a scenario. This work studied the effect of estimation
error, which is abandoned in [82]. Upon considering error estimation, it is analyzed that
this study is novel and more suitable for practical scenarios. However, channel
estimation was taken into account in [83], which examined the performance of UL
channel, and in BF and RZF, pre-coding was analyzed along with imperfect CSI. Still,
here in this research work, the DL channel is incorporated with ZF, where Pre-coding

1s considered.

2.6 Related Work to Pre-coding Schemes in Energy Efficiency
Augmentation
Existing literature describes mathematical modelling of the characteristics mentioned
above to improve area throughput and EE. The authors of [84] have presented a
comprehensive power consumption modelling for the modelling of EE optimization.
Furthermore, the total circuit power consumption on the transmission of an antenna is
considered by authors in [18], [85], [86], [87]. The author in [88] emphasizes UL
communication and the total power consumption considered in the massive MIMO
network. The authors also determined the models of EE optimization by taking the
antennas of UEs as turned off. At the same time, the DL communication is examined
of'a system and concluded EE by considering the concave function of multiple antennas
[85]. In [89], [90], the results for the optimal value of M to optimize EE is observed,
and a multi-cell scenario for a fixed number of UEs is taken into account. In addition,
the EE is enhanced by power consumption models for UL and DL in processing

schemes [91], [92], [93]. Because the power required for DSP and analogue circuits
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increases with rising values of M, achieving infinite throughput and EE is perceptibly
impractical [16], [94]. However, research has consistently demonstrated that infinite
EE is possible. Most of the modelling has been evaluated the EE models while not
considering the effect of an increasing number of UEs. Simultaneously wireless
information and power transfer (SWIPT) has many applications in 5G and IoT by
transmitting the maximum power and harvesting the energy per user [54]. It maximizes
the EE of the given system and uses a dual inner/outer layer with a resource allocation

framework to solve maximization.

Moreover, dual multiple access channels (MAC) are resolved by SWIPT based BC-
MAC approach with resource allocation under fixed constraints [55]. Meanwhile, 5G
has to deliver ultra-high data rates for high-rate applications such as loT, and energy
augmentation is the solution to extend the lifetime of wireless devices. It also increases
the sustainability of the wireless networks by increasing the power of wireless nodes to

save energy from the local environment.

2.7 Related Work to Pre-coding Schemes in Spectral Efficiency
Augmentation
On the other hand, the UL signal deduction becomes inefficient and complex because
of huge amount of atennas. Meanwhile, the proposed algorithm in [95] is efficient and
achieves optimal Bit Error rate (BER), which depends on the least-square (LS) channel
estimator compared to the traditional UL detection algorithm. Thus, 5G is designed to
adjust the high reliability, data traffic and to improve spectral and EE with low latency.
At the same time, the Richardson and Neumann series expansion (NSE) method has
been used to avoid the matrix inversion. In this regard, the non-linear maximum
likelihood (ML) and sphere decoder are illogical due to increased complexity by
increasing the number of antennas [96]. Meanwhile, a method in [97] provides a good
arrangement between BER and complexity. Thousands of antennas are used in a system
for tens of users to offer services simultaneously. The channel is also estimated
according to the user's pilot signals to the BS. In contrast, the massive MIMO system
provides the advantage of high reliability, high spectral, and EE. ML, minimum mean
square MMS method, M-MMSE, S-MMSE, RZF, MR, and ZF deduction for channel
estimation are used in the [98], [99], [100], [101] while MMSE is preferred as it can
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better SE other than complexity [102]. Although circuit power preference algorithms
have been proposed to maximize EE in a multi-cell environment, the precoding
techniques for increasing SE in the MIMO system have a better impact. An antenna
selection scheme is used to expand the EE of the UL transmissions while it has more
power consumption of the mobile antennas [100], [101], [102]. Therefore, pilot reuse
techniques are proposed for reducing co-channel interference without increasing the
bandwidth, and cell density is also analyzed. Meanwhile, a low complexity in channel
estimation is becoming a big concern. MMSE, Element-wise MMSE, and LS estimators
compute the complexity with the trade-off of SE. Moreover, the power consumption
and EE of the BSs can be improved by using an effective strategy and an efficient DL
MIMO system consisting of ZF, BF, and perfect channels in the BS. Unimodal and user
data rates increase together for maximum EE, but unimodal has average EE per BS.
The linear precoding of channels is an efficient way with DL and UL pre-coders to
reduce the effect of inter-user and improper noise. Furthermore, large array and
multiplexing gain are used for large spectral and EE. A BS is equipped with a large
antenna array to develop the orthogonal channel pairwise among users and BS by using
small-scale fading [103]. Besides that, a massive MIMO system reduces the transmitted
power of the BS and terminal. The research carries some full-duplex (FD) models that
are more suitable for short-range communication like WiFi and small-cell networks
than arrangements with realistic parameters proposed by ZF design [104]. Hence, 5G
antennas SE and EE are major factors in the designing of 5G antennas. Furthermore,
the latest idea of the massive MIMO networks and distributed antennas system
improves inter-cell interference and a balanced quality of experience. Therefore,
massive MIMO technology gives an impressive SE compared to the conventional co-
located MIMO [105]. The achievable SE of precoding and combining structures is
getting more attention in analogue-digital implementation, and 5G should support low
power consumption [106]. For sustainable development in 5G, it has to improve energy
and cost efficiency comparatively by Integrating the massive MIMO with examining
the impact of pilot contamination on this new communication scenario. The latest
articles claim that it is probable to attain SE by evaluating UL ad DL transmission

models with channel estimation, as shown in Table. 2.1.
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Table 2.1 Comparison of related work of SE in Massive MIMO.

Work Cell UL/DL Combining/Preco
ding scheme
[95] Single UL LS precoding
[96-98] Multicell UL&DL MMSE, RZF, ZF,
MR Precoding
[100]-[102] Multicell UL&DL MMSE precoding
and combining
[103] Multicell UL&DL MMSE, RZF, ZF,
MR Precoding
[104] Multicell UL MMSE Precoding
[105] Single UL&DL ZF Precoding
[106] Single UL&DL -

2.8 Energy Efficiency Trade-off with Spectral Efficiency and
Throughput

The EE tradeoff with SE and network throughput becomes more essential in massive
MIMO systems after the optimal antenna placement, PC of users' equipment, and
throughput reduction. In this regard, the PC model is presented in [107] where a model
of closed-form approximation for the UL network is proposed, and an ideological
approach for EE and SE trade-off'is suggested. The work [108] is considered evaluation
criteria for the trade-off of EE and SE, and the Rayleigh fading channel has been
evaluated with a more generic closed-form approximation. This model optimized the
EE gain with SE and antenna selection satisfaction and compared it with a single-input
single-output (SISO) network. Moreover, the model indicates that the MIMO systems
are EE enhancers and decrease the numbers of antennas at the transmitter side when the
PC model is taken into account. Rayleigh fading channel is further considered in [109],
and the UL and DL system models for distributed MIMO networks are formulated with
various PC models. Generic and accurate low and high-SE approximations drive the
expression of trade-offs and optimize the numbers antennas strength by considering PC

models. MRC scheme-based approximation for the trade-off of EE and SE is also
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computed in [86], [110], [111] having PC models for the antenna selection of
transmitter. As other models indicate that the increment in antenna enhances the
efficiency but reduces the SE, the optimal value of SE that can maximize the EE is
obtained. The model presented in [112] has considered the PC models of transceiver
PC and radiated PC, and close form expression is used for the optimal EE-SE trade-off.
Pareto optimal set based is a method for computation EE-SE trade-off with the multiple
objective optimizations methods presented in [113] where PC and the number of
available antennas at the BS are considered. This model was a Cobb-Douglas
production model, and it has computed trade-off matric to convert an optimization
function into a single objective function. The results have achieved the optimized PC
for the maximum available antennas in the network and optimized the trade-off through

various priority levels.

The latest trends are CSI at the transmitter, as authors did in [114], [115], [116]. They
all formulated the expressions for signal-to-interference noise ratio in transmitting PC,
and the number of available antennas then optimized the trade-off. S.M Nimmagadda
has contributed to the EE-SE trade-off by providing two algorithms for complex
optimization approaches and obtaining optimised results [117]. The initial algorithm is
practised by modified grey wolf optimization. The second algorithm, named modified
lion algorithm, is formed for improved convergence rate and helps in a better trade-off
between the SE and EE. In this regard, a user-centric (UC) access point selection
method has been proposed [118] to improve the performance and optimization of EE-

SE trade-offs in MIMO systems.

The antenna channel effects on MIMO throughput are computed as spatial multiplexing
efficiency, reducing power imbalance [119]. The sum rate of resource allocation is
called throughput by [120] and developed a model for maximization of throughput and
EE. A model of 400 antennas and several transmitters are taken into account for the
throughput analysis in [113] and provided an elaborative background for studying the
EE and throughput of wireless networks. Further throughput analysis by considering

some approximations and assumptions is proposed in [47].
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Table 2.2 Comparison of related work in Massive MIMO.

Ref. Key Contribution Approximation Trade-Off Limitations
No Approach of EE with
[107] Improve the EE and SE trade-off through Closed-form SE Throughput is reduced
optimal antenna placement, PC of users' approximation
equipment, and throughput reduction.
[108] RF channel evaluated and optimized the More generic SE It mainly focuses on cell-edge
EE-SE trade-off with antenna selection. closed-form communication and small cell
approximation advancement.
[109] RF channel evaluated for distributed Generic and SE Only suitable for a specific scenario
MIMO networks for various PC models accurate low and
and optimized the numbers antennas. high-SE
approximations
[86], Optimized the EE-SE trade-off with PC MRC  scheme- SE Not considered the multiple BS
[110], models for the antenna selection of based
[111] transmitter. approximation
[20] Transceiver PC and radiated PC are Close form SE Only applicable for the single-cell
considered for optimal EE-SE trade-off. expression scenario.
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[114]- Computed the CSI for the number of SIN ratio SE Precoding design is very simple.
[116] available antennas and optimized the EE-
SE trade-off.
[117] Improved convergence rate that helps in a MGW SE Not work well for a selection of
better trade-off between the SE and EE optimization multiple antenna and multiple BS
[118] Improved  the  performance  and UC access point SE Complexity is increased.
optimization of EE-SE trade-off selection
[8-9] The antenna channel effects on throughput =~ --------- Throughput Fewer PC models are considered.
are computed by spatial multiplexing
efficiency.
[23] Throughput analysis by considering ------- Throughput It is unstable due to immediate re-
approximation &  assumptions  is transmissions
proposed.
Proposed | EE-SE and EE-Throughput trade-off Logarithmic SE and Throughput = Hardware is not considered.
Approximation

25



Literature Review

2.9 Summary

The EE tradeoff with SE and network throughput models are discussed in this chapter.
The optimal antenna placement, optimal numbers of PC of users' equipment, and power
consumption models are considered essential terms in the proposed work. Moreover,
power consumption and EE of the BS can be improved by using an effective strategy

including zero-forcing, beamforming, and perfect channel.
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CHAPTER 33

PERFORMANCE EVALUATION OF ENERGY
EFFICIENCY

3.1 Introduction

BS permits only up to 8 antenna ports in existing 3G and 4G standards. The BS antennas
for the 5G System communication, on the other hand, have been enhanced to enable
data transmission rates of up to several GBs/second. Strategies (more BS nodes),
amplified bandwidth (mm-Wave spectrum), the improvements are expected to be
realised, or massive MIMO systems. Each BS is outfitted with M antennas and
communicates with N UEs in real-time to achieve channel hardening in this system.
Practically, it is not possible to enhance the unbounded EE. It is only impossible to
achieve when the system model includes the power consumed by analogue circuits for
RF and baseband processing, as well as signal processing, which increases
proportionally with M & N. As massive MIMO defined in [121], the ratio of M and N
was more than one, whereas in [86], [122], the ratio was assumed to be a small constant

value.

All BSs used linear transmit precoding and received combining to process their signals
independently. The author evaluated a standard Massive MIMO system model that can
be implemented in some applications [86]. So far, efficient modelling of power usage
has been a major concern for these systems. Significantly, battery technology in mobile
UEs is not advancing due to the exponentially increasing demand for multimedia
communication [122]. A key goal is to analyze a massive MIMO network for accurate
power consumption models during UL and DL transmissions since this has a greater

impact on optimising EE and area throughput.
The followings are the findings of this objective.

e Increasing the number of BS antennas increases total circuit power and
transmitted power.

e BS contains hundreds of antennae allowing UE to optimize EE and area throughput.

e By applying the ratio of decreasing cell size, as specified in [123] expression 3.39.

The radius and user density values are established in accordance with the expression
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cell. Reducing the cell radius reduces the system's network capacity while

increasing the EE.

3.2 Uplink and Downlink Model

Besides, the flat-fading channel is examined for transmission constrained by coherence
time-frequency blocks as defined by SCB. TDD is employed because the BS and UEs

are highly synchronized as shown figure 3.1.

% »,(UL) % ~,(DL)
SCB Y SCB Y
(VL) Tranmission 1(PL) | Tranmission
< Coherence Block Frame >

Figure 3. 1 Coherence block frame: UL/DL transmissions.

The smaller antenna spacing or the lack of dispersion for large antenna arrays allows
for significant antenna correlation [93]. Various antenna configurations for related to
this work are presented in the literature, including the cylinder design, linear
configuration, and rectangle configuration [91], [92]. The writers considered the conical
configuration. Furthermore, all processing schemes and detection algorithms are active
in these networks, which greatly minimize power usage. However, the overall circuit
power dissipation increases gradually. by increasing M [66]. Received vector at [ * BS

is denoted with Y, Y, € CM given as

N
Yl:z G’p7ixxl+ n, (31)
=1

G in equation 3.1 specifies the M x N matrix between BS and UE. The channel

coefficients between the Ith UE and the ith BS antenna are identified as ( g;; 2 Gj; ).
The x 4/ pTX, where (pT* Represents the average dispersed power). Moreover, the 7
is an AWGN vector. The g;; written as g;; = h;; /Sy, [ ranges from {1,2... N} and h;;

is the flat fading coefficient from [*"* UE and i * BS antenna. It represents signal fading

28



Performance Evaluation of Energy Efficiency

caused by obstructions like huge buildings and moving cars and signal propagation
distance from BS to UE. Where, h;; denotes channel vector, which is provided as
hy ~CN(0,(Bulwm)). The (hy) are the channel vector entries that define the
propagation channel between the /th UE and the ith BS antenna. The shadow fading
and attenuation coefficient is denoted by f;; while the identity matrix is marked by I,
. The three pre-coding techniques, including MMSE, are used to perform UL data
identification and data pre-coding activities. The LS-MIMO transmitter decreases inter-
user interference by employing spatial signal processing methods similar to pre-coding.
The BS is said to be capable of collecting flawless channel information using UL pilot
sequences. As a result, ZF results for single-cell cases are obtained. The Q =

(91,92, - .., q;] € CM*N represents the UL linear received matrix as in (3.2) [20]:

H(HPH )™ ZF 35
Q =1H(H"H PU* + ¢%1)~* MMSE (3-2)
H MRT

In (3.2), (.)¥and (.)™! represents the Hermiston matrix and inverse transpose
individually. In further, H = [v;1, V5 , ., Vi ]| € C* *K include the channel values for

all the UEs and power vector for UL is P¥ = diag [p Y%, p ¥%, ....,p V*] € CN*N, The
ZF pre-coding is capable of increasing the network's efficiency and capacity. If the
receiver has excellent CSI for a large number of UEs [91]. ZF requires a significant
overhead when addressing the Signal to SNR to obtain the maximum multiplexing
advantage. Linear processing techniques for DL communication are defined as

V=[vy, v, , ..., vy] € CM XN V matrix is modelled as in (3.3)

H(HYH)™? ZF 13
V = \H(H"H PY' + ¢21)"Y MMSE (3-3)
H MRC

To simplify the calculus complexity, Q = V, according to the equation in [124]. It is
also known as a pre-detection combining scheme [69]. For self-contained AWGN. It
functions as a combiner and restores a signal to its original form. The N(th )user

terminal (UE/UTs) is actually positioned on xy (xy € R?) measured in meters.
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Single antens

UE at Nih
User location
Lucatio distributon

s 3
3 M antennas BS @ W' Single User /}/ “\‘*

of Coverage Tier Equipment Uplink Communication Dovwnlink Communication

Figure 3. 2 UL and DL transmission of the proposed single cell scenario

BS in the coverage layer, with N single-antenna user terminals, are considered. In the
cell, all users are distributed at random. The xv is determined about BS using round-
robin (RR) selection. The UEs are carefully chosen for the communication. The UE
locations are reserved with arbitrary variables from the user distribution. The distances
between BS and UEs are significantly greater than the range between BS antennas in
the array configuration. Assume that (r) denotes the maximum distance a UE has from
BS and (dm) represents the minimum distance a UE has from BS. All UEs are uniformly
distributed around the BS. Furthermore, the position of UE is denoted by f{x), which is
modelled as (3.4) [66].
FO) = {(n(rz ~d2) dp < lixll<T (3.4)
0

otherwise

{ represents the large scale fading gave as { = (w/||x||?). @ is (¢ > 2) path loss
exponent and constant w > 0 as an attenuation factor in the channel at d,,,. The Inverse

channel attenuation is [66]:

(r<P+2 _ d;;ral+2) } (3.5)

E=E()™) = {( (1 + (¢/2))(r? — dZ)w)
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3.3 Methodology and Calculations

The main goals of this work are to improve the EE of a massive-MIMO system and to
estimate the optimum power consumption using MMSE, ZF, and MRT/C pre-coders.
It is realized that the power consumption methodology and energy is saved by installing
low power BS according to traffic requirements. It is notable for decreasing power
usage by lowering infrastructure costs and efficiently controlling the spectrum [69].
The power consumed by BS is proportional to the multiple transmitting antennas versus

the multiple UEs operating concurrently.

Figure 3.3 depicts the results of the calculations done in this section. In the first and
second phases, the UL and DL communication data rates are determined. The
computations of power consumption by PAs and circuitry at the BS and UEs are shown
on the right side of the flow diagram. The data rate is averaged, and the total and power

consumption calculations are summed to determine the total power expended.

Finally, the seventh step provides the average data rate to the overall power dissipation
ratio, which is utilized to calculate EE. The following section contains the detailed

computations shown in Figure 3.3.

3.3.1 Average Data Rate

Figure 3.3's upper left corner shows two stages for calculating the average rate.
According to (3.6), the average rate is the feasible data rates in DL and UL

communications.

Rfot = RUL 4 RDL (3.6)

where R" is achievable data rate and RP" are the UL&DL data rates. By Gaussian-
code books, the achievable UL data rate is given in [122] but the computed term as

(3.7) is given as:.
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Start
Seply Step-2 ¢ Step-3 ¢ Stepd ¢
Unlink rate Downlink PA’s Power Circuit
P rate (uPlink+Duwn]ink] Power
Step-5 Step ¢
Total rate Total Power
Step-7
Energy Efficiency
End
Figure 3.3 Computational flow of the model.
— LYEN 3.7
RiUL = RUL( yUt <1 - Scs YUL>> SR
where yY% is the UL transmission fraction, and LV represents the UL-pilot length.

Moreover, [1 — ((LY!N)/(Scs YVL))] are pilot overhead value and gross-rate is given

as [EUL = Blog (1 + CDl)], where @, is calculated as (3.8)

_ (pf”lq{’hilz) (3.8)
Y PPt + o2l

1

where o2 shows noise power and PVL =[p YL, p YL, .., p Y¥]T is UL power allocation.
In [93] power distribution vector in UL is pYF =a2(ZY%)~11,, (1, ]) are elements of Z¥

€ CV*N given is (3.9)
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H '2
iy fori<1

2%y, = (((25-1)"%'2> 69

(Iql i)

e Jfori#1

According to [125] if zero-forcing pre-coder is applied where M > N + 1, and
gross rate = Blog (1 +p(M — N)), where p is proportional to received SINR. Then

_ LDLN
RV = RDL< DL <1 - YDL>) (3.10)

where yPL is DL transmission fraction LPL is the DL pilot length, the pilot overhead

can be modelled as [1— ((LPXN)/(Scg YPL))] and the gross rate is given as

RP! becomes:

(Rp.)=[RpL = Blog(1 + ®,)]. The value of @, is (3.11)

P ((Ih?vilz)/(nviuZ)) -
Y ((|hf’vi|2) /(||vi||2)> + o2

pPL =52(ZP)~1 is DL power vector, (i, 1) component of ZPL € CN*N, ZPL js

computed as cast-off:

(|thl ) .
R fori<l
[Z0L]y, = 4 (23 )Ilvkll2 (3.12)
(|h{’vi|2) .
" (D Jori 2

The results of (3.7) and (3.8) are plugged in (3.6) to calculate the achievable rate for i*"

as (3.13), where R is considered gross rate, and the achievable data rates for bi-

directional communications is:

Riot = <N ~ <N(L”L + LDL)>§> (3.13)

SCB
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3.3.2 Computations of Power Consumptions

The models are presented in [91] [92]. The proposed model including all characteristics

of power consumption (3.14):

Protar = Ppa + PEFY -19)
In (3.14), Pp, is the power consumption by PA and Pf9** is the total power
consumption of the circuit. In prior works, total circuit power is computed as
(PctiortaIZPs), where the Ps where Ps is a constant amount of power consumption
calculated for load-independent backhaul, control signals, system cooling power, and
baseband processor [15], [90]. This method of determining circuit power is incorrect.
The circuit power grows proportionally with M in a system where M's value. In

previous models, the circuit power consumption claims that raising M can lead to

limitless EE; however, infinite EE is difficult to achieve. [66] delineates the average

power utilised by PA as [66] as, Ppy = i—yzle E{p{*}. The power consumption by

PA during UL is computed:
KBo?2 yUL o+2 _ d<P+2
v, _ PRBOY r m (3.15)
PA UL " (1 4 (Q)) (r? — dz,)
2 m

Similarly, the DL PA’s power can model as (3.16)

DL __
PRk =

PNBoZyPL ( r#+2_ gh*? (3.16)
nPk w(l+¢/2)(r?—d3)

The total power consumed by PA is calculated as (PY} + PPL) That is the sum of (3.15)

UL

DLy 1
and (3.16). The (np,4) represents the efficiency of PA given as (:ﬁ + :ﬁ) .

par — {(pNBaZ)< ro+2 — q9*? )} (3.17)
Npa W (1 + (QO/Z))(TZ —dz)

The Péfrtal is the total power as computed in [126]. A proposed mathematical model of

Ptotal

cir 1S given as:
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PEF =P +Pja+ Py +Pe + P+ R (3.18)

In (3.18), P, denotes the power consumed by transceiver chains and (P¢/q) can be

modeled as:

N
Pb - (Z (]E(RiUL + RiDL) * (Pcod + Pdec))) (3'19)

i=1

The Py, is a power required by backhaul traffic power.

P, = (Z(E(Riwt) * Pbt)) (3:20)

By the help of P,, the estimation of channel state given as: [P, = PUL + PPL] given as:

2 LUL
P, = {2BN? ML”L+( ) (3.21)
SceWPuE

Furthermore, P, is exploited to indicate the power dispersed at BS when linear
processing techniques are applied. In linear processing, two types of power are
measured: the first is necessary for computing Q and V, and the second is required for
matrix-vector multiplication by each data Symbol [66] . The pre-coding/decoding
matrices are calculated again in the same coherent block, and its complexity depends
on the type of scheme had used. As a result, power usage for MRT/MRC is provided as
(3.22).

(3.22)

pwrcyurr _ (2MNB (LUL+LDL> +(3BMN)
! ¥gs 3Scs Sce¥ps

Moreover, in ZF consumed power becomes:

_({ BN? BM(3N? + N) (3.23)
A= {<3Sc3’1’u5> * < ¥ps >}

where Wi g = 12.8&Wyp = 5Gflops/W as per [19]. Lastly, in MMSE consumed

power becomes as (3.24)
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pMMSE _ BN? N BM(3N? + N) (3.24)
l 35cs %y s

where P; is assumed the power needed by cotrol signals, baseband sinnals and coolong

purpose that is fixed.

3.3.3 Optimization of M, N, and p

(M°Pt™) and further intended as:
W<p2<%<—( PP3+“1))+(N—1)> +1>
(bN—-1)+ e i (3.25)
’ )

where the values (a4, @, > 0) as Pp, is is calculated in (12), where a; & a, are power

Moptim —

consumed is given as:

{(4 B Scill];UE) N*+ (&S‘cs;q’gs) N3} {(Prix + Poyn) + (Pyp)} (3.26)

a, =

N
1
B (2 + —) DL
Sca (B(B—ZL )) 2
——E [N+ (———=| N2+ (P
7. S U, (Pps) (3.27)
a, = N

.The lower bound of optimal M can be calculated as (3.28):

—PAL Ly N4 —
a p +(1v)—(l) (3.28)
ln(p)+ln(%+g—z+N+%)—1 P

Moptim >

The (p°P*™) is calculated by using Lambert function as:

{ew(p((M—N) (g1+Ma2)(%) +%) +1) _ (1)} (329)

M—-N

optim _
p =
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where ayand a, are given in (3.30) and (3.31), respectively.

{(4 5 SCf;UqJLUE) N* + (%) N3} {(Pfix + Psyn) + (PUE)} (3.30)
N

a, =

B2+ 1/Scp) B(3 — 2LPh)
o ol 7 o A 3D

N

a, =

The authors in [63], [127], [128] illustrate that the TDD based system allows a power
drop that can be directly proportional to (1/M or,/1/M imperfect-CSI), however

keeping the non-zero data rates for the value of” that approaches to infinity. The lower

bound of p°Pt™ can be intended as (3.32).

Poy o4 1
—PAL L4 N+ =
poptim > az 2 as p T + (N) _ (l) (332)
Lra T EAN p
ln(p)+ln(a2 +a2+N+p) 1

Finding the roots of the following polynomial were the terms in (3.34) [92]. Hence, to
provide critical tractability, let’s suppose the summation of (‘SINRpN’ and in that way
the power of PA) and the total numbers of BS antennas for each UE, (M/N), retained
as constants (p = pN) and (i = M/N) with (p > 0) and (jz > 1). Therefore, the gross
rate value can be taken as {C =Biog(1+p(iz —1))} and the optimal value of UEs can be

taken as:

NOPH™ = min| N | (3.33)
l

28cp Sc1 (3.34)
v~ (o )~ v a = 20+ (s )} =

In (3.34), | N/ |describes the positive real roots of (3.35).

(P + Py) + Ppy (3.35)
A1 =
B, (MB(B _ ZTDL)>
35ce¥ps SceN¥ps
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2 M y\)
S 4LV B(y+ NSCB)
(LPL + LUL) \ Scp¥Bs ¥Yps

(3.36)

~~

B (MB(3—2TDL))
3S¢s¥ss SceNWps

The NPt will become as (3.37).

Noptim

B MB(3 — 27PL) ) |
3.37
(PS + Pt) + PPA ( SCB <3SCBqIBS i ( NSCBI{IBS ( )

1+
B . (MB (3= ZTDL)) (LPL + LVB)((Ps + Po) + Ppy)
| \350755 ™ NS5 /

In previous subsection, it provide a modest closed-form formulations of M, N, and p
that allow us to optimize the throughput as well EE. The objective is to calculate the

joint-global optimum. As M and N are numerals [93].

3.3.4 Modeling of Energy Efficiency

This section shows a reduction in the overall power consumed by the system, which
can be accomplished by decreasing the system's static power consumption. The
presented power consumption model is used to calculate the EE for the pre-arranged

system model. The following optimization problem can be used to model EE.

M tot
max (EE) = { = (Ri™) - } (3.38)
MK €T (P% + PRE + PEIY(M,N,R) )
R=0
K — (K(LU* + LPYY /S )R
max (EE) = (K = (K( )/Scs)R) (3.39)
MKETZ
p20 (ekbor)(__re2 dy” + plota
Mpa W (1 + ((,0/2))(1‘2 —d3) cir
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3.4 Results and discussion

[66] has considered a suitable number M for the EE calculations with ZF, MMSE, and
MRC/MRT pre-coding schemes. The UEs are dispersed inconstantly; thus the large-

scale fading is demonstrated using { =(w /||x||?) Where w & ¢ values are given in

Table 3.1.

Table 3.1 Simulation parameters.

Simulation Parameter Values

Required Bandwidth (B) 20MHz

Coherence Bandwidth (B¢op) 180 kHz

Coherence Time (T¢op) 10msec

Maximum Distance /cell radius(r) (200) meters

Minimal Distance (d,y) (40) meters

Channel attenuation (w) 10735
Path loss exponent (¢) 3.76

P, Pcyq, Py & Py (15,1, 3 & 0.25) Watt
o.(reusel, 2, 3) (0.528,0.116,0.021)

The efficiency of 0.4 and 0.3 is obtained for PA used at BS and UEs, respectively and

rest of the parameters are given in Table3.2 as considered in [66].

3.4.1 Energy Efficiency Performance Comparison

In Figure 3.4, the results of EE verses transmit antennas in the single-cell (MRT/C with
different schemas are shown. The results are also compared with [88] and [66], then the

proposed model demonstrates improved performance.

Table 3.3 compares all of the possibilities. The peak value of EE vs the number of BS
antennas in a single cell scenario (with perfect/imperfect CSI) offers 15% better results

with a smaller M.
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Table 3.2 Sequence of Simulation.

Proposed Algorithm

Step 1: | According to Table I, Initialize the simulation parameters.
Step 2: | Calculate the orthogonal pilot sequences and inverse channel attenuation
Step 3: | If
MRT = true || MMSE = true
Step 4: | For
M =1 : N max;
Calculate RF power, Circuit Power; SINR and opt. EE
end
Step 5: | if
ZF algorithm = true
Compute circuit Power; RF Power, opt. EE & SNIR
M opt, N opt and optimum power
end
Step 6: | Plot of Figures
EE for single and multi-cell; RF; antenna Power & Area-throughput

¥ Foa

Emergy EMicieney [Mba/Joule]

' Tpdimal EE agnins Nl
25
= =MMSE {Merlecy US1)
ap —= ¥ (Parlon 151)
e fF (Innperfen (515
e WIET (et C51)
15
Ly =
i
i | | 1 1 .
L} 20 1] il 0 10 X (R L] sk (HL]

Tastad Mapmmber ol BS Awlenmas (M)

Figure 3.4 EE Performance comparison.
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Table 3.3 Comparison: Results in figure 3.4 and prior works.

Linear Processing Scheme Results (Proposed | Results [87], [94]
Model)
EE M EE M
MMSE-Perfect CSI 38 122 30 165
ZF-Perfect CSI 39 141 31 165
ZF-Imperfect CSI 31 155 26 185
MRT/C-Perfect CSI 10 82 8.0 85

Moreover, the PA’s power dissipation that exploits EE for optimal N with M is given

in Figure 3.5. The MMSE has a power dissipation of 50 watts, whereas the ZF with

perfect and imperfect CSI has 55 and 70 watts, respectively. Whereas for MRT/MRC,

the value is 5 Watt, which is relatively low in comparison to MMSE and ZF.

wower | Wil

Avermpn PA'T
X

i fal i

tm

Sumiber ol BS Andennas (M)

o EE (hptimnal gosnt agaimst 8

110

1R

Figure 3.5 Comparison of PA’s power consumption.
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Figure 3.6 The power consumed by each antenna.

3.4.2 Results for Area-throughput

Following Figure 3.7 reveals a real-time advancement in the area throughput as

compared with existing literature. The maximum improvement is achieved in the case

of MMSE and ZF with imperfect CSL

(Ll

Aren Thevaghpil [Ghitfsenlun” |
=

-
B
=

=

il

e MMSE { Peefert T51) |
—=—EF {Perfert (51}
—=—&F {lmperleet C51)
—=—MHET [ Porfert £51)

1] i ] i (1] 12 (L] 1 (£ 1]
Sumber of Sniemnns { W)

Figure 3.7 Area-throughput in single-cell setup.

It verifies that massive MIMO with appropriate interference mitigation linear pre-

coding methods can deliver exceptional area throughput and EE. In sharp contrast, big
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deployments of transmit antennas while using MRT/C processing significantly limit

both jobs, either the EE or the area throughput.

| bt ¢ e
E

Eweryy Efioemry
=

T e =
1
Total Number of BS Auteass (M)

Adprimmnl EE poind sgninst ¥ oomd & |

1]
H

Nunsher of User Eguipneents (K)

Figure 3.8 Appropriate number of antennas and users to realize optimal values of

EE.

In comparing the numerical values of plots in Figure 3.7 and the results of previous

work, the given plots demonstrate that the proposed model gives noteworthy progress

in terms of area throughput. Figure 3.8 provides a 3D plot to show the results of an

appropriate number of antennas and user equipment to realize optimal values of EE.

The optimal EE is achieved at M=160 that are serving around N=100 UE efficiently.

Table 3.4 shows the comparison of area throughput of the literature. The improvement

of area throughput can be significantly observed from the generated numerical results.

Table 3.4 Comparison of area throughput.

Linear Processing Results (Proposed Results of /16] ,[/116]
Scheme Model)
EE EE
ZF with Perfect CSI 21.0 15.0
MMSE with Perfect CSI 82.0 60.0
ZF with Imperfect CSI 80.0 62.0
MRT with Perfect CSI 97.0 73.0
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3.5 Summary

This chapter examined massive MIMO systems to ensure optimum EE and area
throughput gains. The system computed average data rates for UL and DL
communications and then proposed an essentially applicable, less complex, and energy-
efficient power consumption model. It then investigated an extremely optimal power
distribution scheme to produce significant EE and area throughput improvement in a

single cell situation. The simulation results have substantial ramifications.

44



Performance evaluation of Spectral Efficiency

CHAPTER 4

PERFORMANCE EVALUATION OF SPECTRAL
EFFICIENCY

4.1 Introduction:

Advancement in Massive MIMO systems is a key factor in encouraging the 5G network
as it has high spectral and energy efficiencies having multiple transmitter and receiver
antennas [129], [130], [131]. Recently many researchers have been enthusiastic about
studying massive MIMO networks, whereas channel estimation, the UL and DL
transmission, SE, energy augmentation models have been evaluated in the last decade.
The mathematically modelling of the UL and DL signals communication and different
channel estimation schemes for the UL transmission are computed for the SE. It is also
compared the complexity and SE of the channel mentioned above estimators. The
second objective is to provide an accurate MR precoding model for DL transmission

for enhancing the SE.
Chapter objectives are well accomplished and summarized.

e A multi-cell scenario is considered where the UL and DL transmission models are
considered with inter-cell interference and noises.

e MMSE, EW-MMSE, and LS channel estimators’ schemes are modelled to carry the
max. SE in UL transmission. However, MMSE is better than EW-MMSE and LS
because of high SE and better interference mitigation practice.

e MR precoding model for DL transmission for enhancing the SE is evaluated in the

last section.

The computed results of the proposed models are appropriate to endorse the massive
MIMO systems that can enhance SE in a 5G cellular network. This chapter is structured
as follows. Section 4.2 is an illustration of a massive MIMO system model for both UL
and DL communication. In section 4.3.1, the UL SE with the MMSE estimator is
compared with EW-MMSE and LS. Section 4.3.2 the MR precoding scheme is
modelled for the augmentation of DL SE. Finally, key insinuation conclusions are

drawn in Section 4.5. The Table. 4.1 show the symbolic represents used in this chapter.
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Table 4. 1 Symbolic representation.

Symbols Description
E(.) Expectation

|.|and||. || Absolute values and Euclidean norm

I % K X K identity matrix

b4 Pilot signal sequence

nt additive receiver noise

B Bandwidth

T.on and B.opn Coherence Time & Coherence Bandwidth
w;, € CMi Assigned as transmit precoding vector
y}"‘e Cand ij Le € | Transmission symbols (UL and DL)

2L and TRL UL transmission and DL transmission pre log factor
Tcoh Tcoh

4.2 System Model for Uplink and Downlink Massive MIMO

This section includes the specifications of a multicell massive MIMO system covering
the UL and DL transmission models, linear processing schemes, and channel models.
The systems describe the UL and DL MIMO transmission in cell j and cell [ as
illustrated in figure.1. Channel vectors h{k and h}k are considered in UL and DL
respectively between the BSj and UE k. The UL data transmission signal has
considered the desired signal, inter-cell interference, and noise. On the other hand, DL

data transmission signal has added the part of the intra-cell signal.
On the consideration mentioned above, the following segments are modelled.
4.2.1 Uplink

In this stage, user K transmits the data to one of the correspondence BSs. Let the users
K have the transmitted symbol vector in the [ cell is 5; = [sl,1 S12 wee venene sl,k] and the

U

received UL signal y; Le €M from the users K at BSj can be written as:

L K
i 4.1
y]-UL = /pul Z Z h! Sik + n]VL (4.1)
=1 k=1
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UL signal

BS j|

UE Kk, cell
Figure 4.1 Illustration of the UL Massive MIMO transmission in cell j and cell [.

Where n¥is an additive receiver noise denotes n’“ ~ CV" ( 0y, 62,14, ) while 0y is
j j Mj» VUL M M;j
zero mean and o7 is variance. Then the UL signal in cell [ denote sj;“e C has power

puL = E {|Sll{f| } and py;, > 0 means the UL SNR and UL signal y;/“e C" is given as:

Kj
U= oo ) hSHE+ mz Z h,SUL + nlt 42)
K=1

=1 K=
i#j

whereas, /pyy. ZK L h]JkSJ is desired signal and /py; Z%:;Ziizl h/.SYE is inter-cell

i#j
interference. The BS as dedicated in cell j selects the receive combining vector yUL eCM

at the time of data transmitting for separating the desired UE signal from the

interferences and can be written as:

UL, UL _ UL J QUL VULR/
ViK' yj puL 'V, h]k i T/ PuL Z hjk i

i (4.3)
L K;
+‘/pTZZ ULhJ]k ]ll]L+nUL
i=1i=
i#j
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Then the desired signal becomes /py.. V]ZL hfksjl{L with intra-cell signals and inter-cell
interference. The selection of combing vector modelling in SE is analyzed with the

different combining schemes in the next section.

DL precoding

UE k, cell {

Figure 4.2 Illlustration of the DL Massive MIMO transmission in cell j and cell .

4.2.2 Downlink

As per Massive MIMO illustration in Figure 4.2 for dl transmission, BS j transmits the

signal in cell [ that is written as:

L]

4.4

xl = Z Wli'l"li ( )
i=l

Where wy,. € CM! is assigned as transmit precoding vector. Then the received signal

y/ "€ Cis modelled as:

L
4.5
yPt = \fpow ) (hPYYxl + Pt (45)
=1
The symbol vector denoted as x; = [x;1 X2 e vee o x| and nP* is an additive

receiver noise. The term /pp; > 0 means the SNR of DL. Then y* can be written as:
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L

¢

4.6

vyt =/poL Z (RO Wi + nP* (46)
=1 i=1

. K; i
yi'=1lpoL (h}k)HWfijk tVPoL 2:i=11(hJ!k)HWJ'iTji +
i#k
4.7)
\ PDL Zlf=1 2;21 hﬁcL)HWliTu + anL
l#j

Then the desired signal becomes /pp;. (hjjk)H Wikr i for the dl with intra-cell signals

and inter-cell interference. In the next section, the selection of transmitting precoding

vectors in terms of SE is analyzed with the different precoding schemes.

4.3 Methodology and Calculations

M-MMSE, S-MMSE, RZF, ZF, and MR combiner and precoder are used in this model
for SE of UL and DL, respectively. The enhancement in SE for the given system and
optimized modeling are the main aims of this chapter. The methodology for the SE in

MIMO systems in which proposed estimators optimize the SE.

The first comparison of different estimators is made by estimating MMSE, EW-MMSE,
and LS channel. Although the LS and EW-MMSE are less complex in computing, the
loss in SE incurred by these estimators is not ignorable, as discussed. In contrast,
MMSE is preferred as it has better SE than complexity [104]. Proposed numerical
equations test different combing and precoding schemes for SE of UL and DL
transmissions after selecting MMSE channel estimation. The computational flow of the
model is shown in figure 4.3. The UL data and channel estimation are calculated in the
first two steps. Steps 3 and 4 are the computation stage of different combing and
precoding schemes with the same vectors. The average sum of SE per cell is optimized

for UL and DL in step 5 while the data is still not over, then the computation is again
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computed. In this way, the average sum of SE per cell is expended as per the following

Step-1: User send UL Signal to BS

.

Step-2: Channel Estimation by
MMSE Estimator

E

Step 3: BS calculates the vectors for
UL receive combining schemes

¥

Step 4: Transmit precoding for DL

using same vectors as used in UL

‘L-d

Step 5: Computation of SE for the
UL and DL

stages:

DL & UL
Transmission
Over?

No

Figure 4.3 Computational flow chart the model.

4.3.1 Channel Estimation:

In dedicated UL, each cell transmits a pilot sequence for allowing the BSs to compute
Hj; of their local channel H;; while the sequence is mutually orthogonal. The channel
estimation is based on random variables, and the statistical distribution of variable are
taken into account. The received signal correlates the pilot sequence, and MMSE

estimate the channel vector flj

1> glven as:
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i i 1
tr — pJ LA Sp—' 4.8)
Vi = hy, + z hyL: + Nk (
%) Vptr
and
o J J yp 4.9
hyLi= pULiRULquULinULi (4.9)
where Yj’l’,Lis the UL pilot transmission and pilot sequence become:
W= C D ol R] s+ b ) (4.10)
w,i"epuL
Where the Estimation error is  hy,,; = hy;;; — hy;;; has correlation matrix Cj,; =

E{h! (A}, )"} given as:

ULi\N "ULQ

c 4.11)

—_pl] _ pl J J
vLi = Ry = PuLiRy; Wy R

ULi" UL

The MMSE is estimated by invoking the orthogonal property, and the estimated error

is statistical independent of fl{]L. As per the pilot communication phenomenon, UEs
with the same pilot sequence for the transmission can mutually pollute the channel
estimation. Although channels are statistically independent, the interference reduces the
estimation quality by increasing MSE and making the channel estimation statistically
dependent. Above channel, estimation can mitigate the interference of UEs that practice
the same pilot. The massive MIMO systems have a considerable influence over
conventional networks due to large numbers of UEs having pilot sequences that can
easily suppress the interference. Besides, the MMSE estimator minimizes the MSE of

the channel estimate, given as:

{0~ Rl } = B} = B (Rl )} = il 412

The cell j and cell [ are used for the UE k and ULi for the interference respectively, and

the correlation matrix at BS j is:
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E (i, (5,0} = VPuLiPiRL YR, (UL D) € Py (4.13)
el o Oy, (UL,) € Py

And the antenna correlation coefficient is written as:

{(huu) hULL}

B EAREICAE:

( [ ) (4.14)
tr(R) RI W
{ ULi"“jk " ULi (UL, i) c :ij
= J pJwi j
\/ t (RJRRJRLPULL) CLCH )
(UL,i) ¢ P,

Whereas, E {(h ) h! } = 0 for all UEs with (UL, i) # (j, k). The expression of non-

zero expectation is carried out from the UL transmission section and taking into account

all the consideration with (UL, i) € Pj, while channel vector is y]k Y]puua written as

]E{y]ULl(y]ULl) } =T, (LIJULL) 1and the normalized MSE (NMSE) written as:

tr(Cj.) (15)

NMSE/ =
(RS

This expression is used for the comparison of the estimation quality using different
estimation schemes in different scenarios. The MMSE estimation provides enough

statistical information for the UL data transmission that can help in decoding. This

computation has required an inverse matrix of ‘PLJ,Ll and makes the method very

complex as attached large antennas with huge numbers of users [132]. This provokes
us to solve for the simpler calculations and the estimation that is EW-MMSE. Lemma

1 is an EW-MMSE estimation with the statistics of the estimates. The assumption is

made on the correlation matrix R, . that depends on A{, 1ilmm diagonal.

ULIi
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Lemma 1. If base [ uses an EW-MMSE estimation where the channel is estimated
between users k in cell [. Although each element can be estimated by MMSE, the EW-

MMSE estimates the vectors with error and vectors without error.

V PuLi IR[]]L]i |mm

J 2
Z(l’,il)epli Puri'Tp |Ryil lmm + 071,

m=1,.. ..M (4.16)

J —
AyLilmm =

This is quite simpler in computational compared to MMSE, except in the case of

diagonal spatial correlation matrices where each channel element estimates it

separately. It is notable that A’ reduces the complexity. The EW-MMSE is obtained

ULI

as:

p . J 2
. ] M ULlTp(lRULilmm) 4.17
Lwr! iNepyy; Pur it e IRy rrlmm+oiL

In the case of noise-free calculation, then the LS channel estimator is considered [133]
as it is very simple and low complexity. The LS channel estimator is estimated in
Lemma 2.

Lemma 2. In this model y]pUiLi having the desired channel 1/pULiTpiB{1Li in cell [ and

. . . . 2
N . j .. . . pi N
hy;, ;is an LS estimator of h;;, ;. MSE deviation is obtained as ||ijLi - 1/pULiTpihULi|| ,

N : .
hy,,; 1s written as:
Moo L (4.18)
hy, = YiuLi :
V PuLiTpi
i 1

The LS estimators become simple as discussed A I M; and the complexity

UL — VPULiTpi
of the LS estimator is proportional to the Mj. As per equations called in Lemma 1, the

MSE written as:

2
,o . o

MSE = tr @leu,_, + 20y (4.19)

4. DuLi L PuLiTpi

ULi

(uLi)e ULt
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4.3.2 Uplink Spectral Efficiency with the Combing Schemes of MMSE

Estimator:

In this part, the achievable SE of the UL is analyzed based on the MMSE estimator with

different receive combining schemes. As earlier discussed, a signal y}”e CM is received

at BSj and the UL signal in cell [ from UE ks Sﬁfs having the power of py; ;=

{|Sl | } and pul > 0, then the total UL capacity of UE k in cell j is written as:

Vily; = Vi hfksk + Vi h S F XV s,k zl 12’“ VAt sy + Vigkn; (4.20)
ik
Tut L
SERE = — —— E{log,(1 + SINR}; )} (4.21)
Where is a pre-log factor is the ratio of UL data samples per coherence block.

coh

Where the effective SNR becomes:
SINRj}”

pjie|vith, i 4.22)

2 .

L Ky H{J H 2

=12 ' =1 DPu |ijhjk| + Vi ( IZULL 1pUllCUli + GULle) Vik
(QR)EIGRI)

As per SINR; = used in (4.21) for UE k in cell j is optimized through multicell MMSE
(M-MMSE) and M-MMSE combining vector for k = 1,...,K; and VM MMSE =
[le ij]-] is given as:

-1,
VEMIMISE =ty Sy S0 pon (R(B)” + €hu) + oduli,| Bl (423)

Which further leads to
— ~7 ~7] u
SINR}JkLM MVSE = tr ij(huu) lZlel ZKl i=1 Puti h{m(h{ni) +
@)= k) (4.24)

-1
121 1pUllCUll + 0f.ly; l ﬁ;k
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This is the case when estimated channels are known, then it not only optimizes the
SINR and also minimizes the MSE. The expression in (4.24) provides exact and
optimized SINR for the massive MIMO systems. As discussed in the previous section,
the reduction in complexity has to pay a reduction in SE, and MMSE has superior SE.
In this regard, the different combining schemes of the MMSE channel estimator
proposed in the previous section are shown in Table 4.2 with Computing combining

vectors Multiplication. SE analysis is discussed in the next section.

Table 4.2 Computational complexity per coherence block of different combining

schemes.
Scheme Reception Computing combining vectors
Multiplication Multiplication
Multicell MMSE Ty M;K; zL: (3sz + Mj)Kl N Mj3 - M;
2 3
=1
+ M7, (7, — X))
Single-cell -MMSE TyLM;K; 31\/1].21(]. N MjK; N Mj3 — M;
2 2 3
2 3
RZF oMK 3KPM; | 3Ky K — K,
2 2 3
2 3
zF T MK, 3KEM; KM K~ K
2 2 3
MR MK, s

4.3.3 Downlink Spectral Efficiency

As related in (4.7), the DL signal received yﬁ(’“ in cell [ is:
Vi =
E{\ppL (W) Wit +y ppr (REOHWiRE — E{(hpH) W)+ (4.25)

Kj .1 DL DL..DL L K 1
VoL X2 (g WEE it + oo Zima 221 (R Worirpritne
1%] o

i*k

Then the desired signal becomes E{,/ pDL(hﬁ(L)H WjiL}rjﬁL with average pre-coded

channel E{(hj3")"#W;2"} having the third and fourth terms as intra-cell interference and
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inter-cell interference, respectively. The second term is also desired for the unknown
channel. The Selection of transmitting precoding vectors in terms of SE is based on
hardening bounding which can take any type of pro coding vector and channel
estimation. The DL channel capacity in term of the SE of UE k in cell j as lower bound

is:
SEBE = L log, (1 + SINREY) bit/Hz (4.26)

Where 2L is a pre log factor ratio of samples of DL data and samples per coherent

Tcoh

block and then SINR]DkL 1s:

pikl EWihji }I? 427
fa iy poLE (WL 12} — pj E(WHREEY? + o,

SINR} =

In (4.26), SE; L refers M as effective SINR of fading channel related to UE k in
cell j. pjx|E {W]’,z hj }|%is the gain of the desired signal by the average precoded
channel. pp;E {|W5’Lih}k|2} is donates as the total power of all signals and
pji|[E{Wiit it }|?is the power of the desired signal. The SE expression in (4.26) is

computed for precoding based on the MMSE channel estimation computed in the

"DL

Je{e|IRBEI P}

previous section. If ~ Wj, = then SIN RJDkL for MR precoding based on

MMSE channel estimation is:

SINRY
iDL
phetr (R WRIRY )i (4.28)

K, pDthr(R l}’zllelk) +y pDLipjkTP(R;klplllelk)
Li)ep i\ k
=1 t’"(R lplllelk) LD AGH) tr(Rllklplllelk)

=12

Where WRMWP" define in (4.9) and (4.10) for UL as similar is here. In the denominator,
the first term is non-coherent interference, and the second term is coherent interference

having spatially uncorrelated factor lei = ﬁ{;] M- The SE of DL is analyzed in the next
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section by taking the same combing vectors le,J(LM_MMSE = [le ijj] in precoding

schemes based on MMSE channel are:

jk
(Vg MMSE of M — MMSE precoding
Vi MMSE of S — MMSE precoding (4.29)
=< Vi of RZF precoding
ViE of ZF precoding
L ViR of MR precoding

4.4 RESULTS AND DISCUSSION

In this section, SE expression for UL and DL evaluated in previous sections are
simulated and validated of a proposed scenario for the massive MIMO cellular network.
The calculation of SE with M-MMSE, S-MMSE, RZF, ZF, MR combining and
precoding schemes by taking M number of antennas having simulation parameters of

Table 4.3.

In the first step, the two-cell network composed of cell j and cell | assumes the Wyner
model of interface signals and desired signals during inter-cell and intra-cell
interferences. The ratio of inert-cell and intra-cell channel gain is formed and UL and
DL sequences for the cell are computed. The second step generates random estimated
channel vectors of desired UE in a cell, and BS is given by ka€ cM up to k=1 to k=K
for UL transmission. Same as UL, the DL channel response (ka)H is generated by
active and BS while the SE, SNR, and channels gain are also taken into account as
computed. In the third step, the SE-EE relation is computed for the selection of M
number of antennas by considering P, and CP as computed. Fourth step computes the
SE-EE relation for the selection of multiple UEs as formulated where M P, CP;, and
K time UEs are considered. The change of EE concerning change in SE computes
tradeoff scenario, and EE's derivate is taken by logarithm function-based

approximation. The fifth step computes the combining schemes as multicell MMSE,
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single-cell MMSE, RZF, ZF, and MR with their power consumption for the UL signal
are driven. In the next step, the DL signal for computing the precoding vector uses the
same vector as used in UL. The power consumed by the transmission of the UL and DL
signals through the pilot sequence is computed. Step.7 computes the power
consumption-based combing and precoding vectors by considering the Pg, consumed
by transceiver (Pyan), Py consumed power by coder/decoder (P.4), load-dependent
consumption (P py), and digital signal processing power (Ppsp ). The last step of the
simulation sequence generates the plots of different figures for SE-EE tradeoff with

logarithm-based function approximation.

Table 4.3 Simulation parameters.

Simulation Parameter Values
Required Bandwidth (B) 20MHz
Coherence Time (T¢op) 10msec
Maximum Distance /cell radius(r) (200) meters
Maximum Antennas (M) 500

Channel attenuation () 10735

UEs (K) 18

The effective SNR —10 dB to 20 dB
Network layout Square pattern
Receiver noise power —94dBm
Samples per coherence block Teon = 200

The SE of UL and DL for BS and UEs according to listed parameters in Table 4.3 is
simulated as per table sequence. Simulations are based on Figure 4.1, Tables 4.3 and

4.4, and the optimized result is discussed in the next section.
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Table 4.4 Sequence of simulation.

Proposed Algorithm

Step 1:
Step 2:
Step 3:
Step 4:

Step 5:
Step 6:

Step 7:

Step 8:

Step 9:

According to Table 4.3, Adjust the simulation parameters.

Randomly drop UEs in each cell and compute UL sequence

. /\j A]' u
Generate random estimated channel vectors h].k(hULi)

Compute receive combining vectors V;ﬁLM_MMSE = [Vj1 V]-k]-]

compute DL sequence for precoding

Compute precoding vectors VjﬁLM"MMSE = [v]-1 e Vj k]-]
if MMSE algorithm = true

and resulting SINRUL as eq.22 and eq. 27

End

Compute SE for

—_— Tu L
SEfi" = - E{log(1 + SINR}, )} &
SEj" = 2-log,(1 + SINRR) bit/Hz
Plot of Figures

SE for multi-cell combining & Precoding schemes; M-MMSE, S-
MMSE, RZF, ZF, MR

4.4.1 Channel Estimators Comparison

The full potential of massive MIMO systems cannot be achieved without selecting the

best suitable channel estimation at the time of UL pilot transmission. As per the

proposed scenario, BS j estimates, the channel of UE k and another cell transmits the

same pilot signal. The effective SNR as per Table 4.3 is taken as it varied from —10 dB

to 20 dB. Figures 4.4 and 4.5 show the number of complex multiplication and MMSE

numbers versus the number of antennas in the multi-cell scenario with MMSE, EW-

MMSE, and LS channel estimators. These estimators are numerically computed in

section A of the methodology segment, while Lemma 1 and Lemma 2 are considered

for the EW-MMSE and LS, respectively. As mentioned in [104], the MMSE channel

estimator has superior SE compared to other estimators with greater computation

59



Number of complex multiplications
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complexity. The statistical characteristics obtained from the MMSE estimator are fine
as the Minimum means square error decreases gradually with the increment in effective
SNR, as shown in Figure 4.5. It is tested in this model of channel estimation and found
the same patron as termed in [104]. Meanwhile, this model is based on SE and required
minimum MMMSE other than the complexity. In this regard, the result publicized in
Figure 4.5 also depicts that can compute better SE for the proposed model while
ignoring Figure 4.4 as the MMSE estimator is complex.

4.4.2 Results for SE of UL Combining Schemes

The results of SE with different combining schemes are shown in Figure 4.6. The
proposed model has better improvement in SE as compared to previous work done in
[104]. The SE of a system is gradually increased with the number of antennas and cells.
Figure 4.6 demonstrates that multicell M-MMSE has greater SE than single-cell S-
MMSE, increasing SE by increasing antennas. As literature highlights, the SE of UL
massive MIMO systems intends to channel estimation instead of combing schemes.
Meanwhile, the proposed model results are compared with the MMSE combining
scheme of [104] after comprehensive numerical computation of channel estimation.
The summary of improvement in SE with previous work is given in Table. 4.5, where
the proposed MMSE estimator for multicell M-MMSE has great augmentation in SE
compared to given combing schemes and M-MMSE given in [104].

6 -

10: T T

] 1 | 1 1 1 1 1 1
0 50 150 200 250 300 350 400 450 500
Number of antennas (M)

Figure 4. 4 Results of numbers of complex multiplication versus numbers of antennas.
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i Effective SNR with different estimators
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Figure 4. 5 Results of MMSE versus numbers of antennas.
Table 4.5 Comparison: Results in Figure. 4.3 and past works.
Combining Results (Proposed Model) Results [104]
Schemes
EE M EE M
bit/Hz per cell bit/Hz per cell
M-MMSE 140 500 33 100
S-MMSE 105 500 - -
RZF 90 500 - -
RF 90 500 - -
MR 52 500 -

4.4.3 Results for Spectral Efficiency of Downlink Precoding Schemes

Figure 4.7 illustrates the achievable average sum of SE per cell against the proposed
massive MIMO system for five precoding schemes. As per K user and effective SNR
is given in Table 4.3; the average SE per cell increases with the number of antennas
grows. It indorses the dramatic benefits of implantation in large-scale antennas in BS.
It is also observed that the desired average SE rate with MMSE precoding is
approximately doubled with the MR scheme at the same configuration. The comparison
of past work in Table 4.6 also shows that the MMSE precoding scheme is always better

than other schemes and, ultimately, a top choice for a massive MIMO system.
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To evaluate the performance (as per figure 4.7) of the proposed massive MIMO system
precoder over the rest of the schemes, the simulation result of M-MMSE matched with
from [125], [132], RZF with from [104], [125], RF with from [125], [104], and MR
with from [104], [125], [132] are provided in Table 4.6. The numerical expression and
simulation results show the achievable average sum of SE per cell is increased as
compared to past work done [104], [125], [132] after considering the proposed

numerical expression.

150 T T T T T T

125 —f— .

¥

m
i
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i
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Average sum SE [bit/s/Hz

u 1 1 1 1 1 (]
150 200 250 300 350
Mumber of antennas (M)

S00

Figure 4. 6 Desired Spectral Efficiency: Interference from other cell and noise added
to the signal during UL Transmission.

Table 4. 6 Comparison: Results in figure 4.4 and past works.

Precoding | Results [104], Results [104], Results [104], Results
Schemes [125], [132] [125], [132] [125], [132] (Proposed
Model)

EE M EE M EE M EE M

bit/Hz bit/Hz bit/Hz bit/Hz

per cell per cell per cell per cell
M-MMSE | 105 500 110 500 --—--- 128 125 500
S-MMSE | ---- 500 -—---- 500 --—--- 128 110 500
RZF |- 500 108 500 110 128 105 500
RF 103 500 -—---- 500 110 128 105 500
MR 58 500 45 500 85 128 65 500
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Figure 4. 7 Desired SE: Interference from other cells and noise added to the signal.

4.5 Summary

This chapter has augmented an optimal SE per cell in the proposed massive MIMO
system and computed MMSE channel estimation with different combining and
precoding schemes. The first step is to figure out a multi-cell scenario, compute the
expressions for UL and DL transmission, and then recommend a realistic, efficient, and
applicable model. The computation of an MMSE channel estimator instead of EW-
MMSE and LS is adopted to enhance the achievable average SE per cell based on the
schemes mentioned above. The simulation results have revealed remarkable

implications.
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CHAPTER 5

Optimal Energy Efficiency Trade-Off with Spectral
Efficiency and Throughput

5.1 Introduction

With the current revolution in the 5G wireless cellular network and its accomplishment
with massive MIMO systems, the networks are ten times optimized for efficiency, SE
, and throughput. The existing standards of 3G and 4G mobile networks are not meeting
the challenging data rates, and large numbers of the antenna allow only up to 8 antenna
ports [130]. The Massive MIMO has capabilities to handle the vibrant growth of
applications having high data rate, the BSg with massive numbers of antennas, and
highly efficient services to users. The developments and advancements in this emerging
technology shows that Massive MIMO has become a gold mine of research
progressions in wireless communication sector [134]. Moreover, it provides a
heightened efficiency, SE and throughput although managing a large number of
antennas at the BS having a much complex system [135]. On the other hand, the average
data rate for wireless data transmission has been doubling every 18 months since the
last 30 years, while 5G mobile network standards are under consideration. The rapid
advancement and hurried demand encourage the 33-46 GHz frequency band in the
testing phase, where 5G is practising a 28 GHz frequency that has not yet been
completed the standard [136]. At the same time, the old-fashioned wireless network
systems have been facing complications such as meagre reliability, poor connection,
less efficiency, low EE, low SE, and low throughput. An exponential raised in mobile-
connected smart devices and smartphone users already exploited the existing cellular
networks. Keeping in view the facts as mentioned above and Martin cooper’s law states
(both data and voice doubled every 2.5 years), there is a desperate need for high-quality
services and optimized wireless networks to increase the capacity and connectivity as
future necessitated [100]. In this regard, the EE of massive MIMO systems becomes a
perilous consideration in 5G as it concerns large numbers of antennas and increments
in-circuit PC. Massive MIMO systems can cater to all the technical aspects to optimize

the EE by handling more antennas and reasonable circuit power conumption [137].
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As multimedia applications increased and rapid demand for data rate in the last decade,
researchers have focused on improving the SE of wireless networks and throughput
caused by SE. Meanwhile, MIMO technology achieved more attention in 5G wireless
communication networks by having a vast potential of achieving optimize SE in terms
of magnitude [128], [138], [139]. As BS, are equiped with several antennas and high
data rate of fast trafic caused the power conusmptin more then the SE can be optimized
by magnitude and acomplish all related concerns. A tradoff between SE and EE has
been considerd a eesntial factor and there is a need of balancing between this
combination. The different UL-DL models are developed to obtain optimal trade off
through antenna selction approches, beamforming, and hndleing BSs well [140]. As
already mentioned, the massive MIMO is the gifted model for 5G [141], and it gives
higher ES and EE having thousands of antennas. Still, each antenna has assigned a
dedicated frequency that includes digital-analogue and analogue-digital converters,
noise amplifiers, etc. In this affection, large numbers of enabled antennas have been
instigated more PC and increased the hardware cost in BS. Although there is a
significant improvement in SE by providing more antennas for many users in the same
radio channel frequency, the PC declines the EE. It has been experienced in previous
systems that the depreciation of PC triggered low resolution in converters that are not
beneficial. Therefore SE and EE are to be optimized so that optimal antennas can be
attached with minimum PC. Massive MIMO has been recently discussed as a potential
technique to empower network throughput and EE [120]. The throughput is
pigeonholed a spatial multiplexing efficiency based on antennas' channel effects [119].
The use of more efficient hardware and the low-cost circuit has been reduced the
throughput of the network due to the concerns of PC and hardware cost by large
numbers of antenna. On the other hand, the EE of a network depends on less PC;

therefore, a need for a tradeoff between throughput and EE becomes a critical concern.

The following are the main objectives of this chapter:
e A multi-cell scenario is considered where the UL and DL transmission models
are computed based on the Wyner model.
e Optimized parameters are computed to select multiple antennas and multiple
users by logarithm function-based approximation method and validate the

optimized relation of SE-EE.
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e The expression is formed in a massive MIMO network for the UL and DL
models while combining and computed precoding schemes.
e Different combining and precoding schemes are used for total circuit power

consumption as they optimize throughput-EE's relation.

The rest of the chapter is organized as follows: section. 5.1 highlights the complete
work of the trade-off. Section.5.2 is based on the proposed system model for UL
and DL, where the Wyner model is considered for the approximation. Section. 5.3
investigates EE-SE tradeoff by keeping in view the Wyner model for two cell
scenarios and computed optimized relation to select multiple antennas and UEs.
Section. 5.4 computes the complete realistic power and examines the combining
and precoding schemes for UL and DL networks; ultimately, it refers to the
optimized tradeoff between EE and throughput. Section. 5.5 and 5.6 are the results

discussion with model validation and conclusion, respectively.

Table 5. 1 Symbolic Representation.

Symbols Description
Br Ratio of inert cell and intra cell channels gain
Hle C Channel response
n/* Noise in UL
Oum; and of;, zero means and variance
nft Additive receiver noise in DL
PuL Transmit power
ob; Noise power
puLBt , PuL ,8} Signal power and interference power
CP, Circuit power
u PA efficiency
Prix Fix power consumed
Piran Transceiver power consumed
P, Channel estimator power
P.q Consumed power by coder/decoder
P pu Load dependent consumption
Ppsp Digital signal processing power
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5.2 System Model

The system model designates the UL and DL transmission models where the
multicell scenario is taken into consideration. The Wyner model is assumed to model
UL and DL transmission as analytical and straightforward tractable [142]. The two-cell
network consisting Cell j and cell [ as shown in Figure 1 describe the system model for
the interfacing and desired signals while inter-cell and intra-cell interferences, and noise

are also taken as weighty parameters. The notations are used in this network are 3},

B, ﬁlj , ]] ,and ﬁ} and each UE in cell [ preserves the same average channel gain B}

from BS that is to be served. Similarly, average channel gain ,Blj is also similar for the
BS of the cell j while each UE in cell j has same average gain as 8 Jl and 8 ]] are illustrated
in figure. 1. Wyner model specifies that intra cell gain and inter cell gain are equal as
assumed i.e. B} = ﬁjj and Blj :,3]@_ The ratio of inert cell and intra cell channels gain are

formed as.

O
ﬁr—ﬁll _:31[ _ﬁjj _ﬁjj (5.1)

The ratio of average gain used in the modeling S, varies between 0-1 where S, a value
near 0 means weak intercell interference and S, a value near to 1 means is strong. The
channel response notations are used in this chapter are H} € C and Hjl € C and the

relation with channel gain is written as:

H,ll=\/g forn=j,1 (5.2)

The following are the modeling of UL and DL transmission signals as per the facts

mentioned earlier.

5.2.1 Uplink

The UL network is analyzed by assuming that k is the active UEs in each cell and then
the channel response of k" desired UE in a cell [ and BS is given by H,. € CM up to

k = 1to k = K and the channel response is:
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K K

! !
z Hf St + 2 ijSle]cL
k=1 K=1

Where Sj" is the k' UE signal in cell I and the receiver noise denotes ny* ~

vt =pul

+ nYt (5.3)

CN (OM]., a1 Mz)- The terms Oy, and o5, are zero means and variance, respectively.

pyur > 0 is used for the UL SNR. The BS if cell [ receives a signal transmitted by the

desired UEs as K and UL signal y/;*€ CM is given as:

K
UL., UL _ ULyyl UL ULyl UL
Vikvi ™ = v PuL Vi HyeSii ++/PuL lek Hppsim
i=1

izk (5'4)

Kn
UL ¢yl UL UL
+VPuL z Vi HySjn” + 1y
n=1

. . . K
Where /py,, VIFH] si" considered as the desired signal, \/py;, Yty VEFH],s2E term
ik
. . K. . . .
formed as intra cell interference, /py, Y=, ViA-Hf; s},’f given as intercell interference,

and n}'" is noise.

Interfering Signals«««s.« -

Desired Signal —p

Cell L

Figure 5. 1 Illustration of desired and interfering signals for the UL transmission in
cell l and cell j.
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Let the BS of cell [ has channel response and SE of UL for the UE is:

1
SE, =log, |1+ 1 (5.5)
br + sNE,
Where £, is defined in Equation (5.1) and SNR; is given as:
p
SNR, = == B} (5.6)
OyL

py. is used for transmitting power and o7, is noise power. Considered Equations (5.1)

and (5.6) for B, # 1 then SE is formulated as:

2
Hl
SE, = [E{logz <1 +— p‘l' lJL - )} (5.7)
b 2k=1|ijSjk + 0,
The Equation (5.5) is linked with power-related terms; then the equation is formed as:
14 1 _ PuLBt
1 I} 42 (5.8)
B, + SNE puLBj + 9y,

Where py. St , puLB }, and o?, are signal power, interference power, and noise power,

respectively.

5.2.2 Downlink

As UL model is developed in the previous section based on the Wyner model as
illustrated in Figure. 5.1 and this section defines the DL model for the enhancement of
SE. Desired and interfering signals of DL in two cell scenarios are discussed, as shown
in Figure 5.2, while the Wyner model is considered. The illustration average channel
gain is discussed in the previous section. In the DL model, the K" active UEs of each
cell receives a signal send by serving BS using linear precoding schemes. Same as UL,
the DL channel response of K" active UEs of each cell receives a signal sent by serving

BS is (H4)™ and received DL signal in cell [ is modelled as.
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}’jdl:\/ pDLHllk)HWlkrlkSlk ++/PpL ZﬁﬂHka)HWliTﬁSli +
izk (5.9

3

Interfering Signaleesssse. | 2

Desired Signal ey

Cell L

Figure S. 2 Illustration of desired and interfering signals for the DL transmission in

cell 1 and cell j.

Where ./ pDLHllk)lekrlkslk is desired signal, with intra cell interference, intercell
interference, and noise signals respectively. Moreover, wy,, and sy, are precoding

vector and DL transmitted signal. As per Wyner model discussed in Equation (5.1) and

Figure. 5.2 the f3, relation with SE becomes:

k
M
SE, =ZL0g2 1+ — : . 7 (5.10)
k=1 lz}c G((pli) + ﬁr Zi=1 G ((Pji) + WRl
L#
With precoding channels, a DL SE [bit/s/Hz/cell] is formed as:
K 2
P1|Hll|
SEl = E Logz 1 + . ; 2 | oUL 2 (511)
k=1 k |HlkHli| k |ij5jk | 2
(Y] Zl_c=1 112 1 Lij=1 112 DL
=k [Hfj| |Hi|
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5.3 Energy Efficiency and Spectral Efficiency Trade off

As discussed in the literature, the SE increases with installing more BS antennas and
several UEs in a cell, while this SE increment causes the raise in PC. This phenomenon
decreases the overall EE; therefore a mechanism that can jointly increase the SE and
EE is required. This section investigates the EE-SE tradeoff by keeping in view the
Wyner model for two cell scenarios as illustrated in Figures. 5.1 and 5.2. The selection

of multiple antennas and UEs for optimizing the tradeoff of EE-SE is discussed below.

5.3.1 Selection of Multiple BS Antennas

The first step in antenna selection is an assumption of active UE in cell [ and having no

interfering signal then SE in cell [ is given as:

PuL
2
oyt

SE, = log, <1 +(M-1) [)’f) =log,(1+ (M — 1)SNR)) (5.12)
Where py,, is a transmit power, o, is a noise power. To select numbers of the antenna
(M) for the optimizing of EE, the circuit power (CP) is also evaluated as it increases
when multiple antennas have been selected. In this case, the cell [ is chosen to have
circuit power CP; then EE relation with M becomes with logarithm function-based

approximation:

Blog, (1 + (M - 1)%5})
UL

1
~ETP + CP
T 1

(5.13)

EEl =

Where ETP is effective in transmitting power, and u has a range of 0 < u < 1 for the
PA efficiency with bandwidth B.

EE, =B # (5.14)
m ETP + CP,
The expression below provides a link between EE and SE.
0.2
v, = u_ﬁé’ (5.15)

Equations. (5.13), (5.14), and (5.15), yields:
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SE,

SE; _ Vo _
=D

EE, =B

(5.16)

Total power consumption also has M times the power consumption of circuit

components (Pq-) power, where expression becomes.

SE,

(25E1 — 1) 5721 + CP+ MPc

EE, =B (5.17)

By taking M number of antennas, P, circuit consumption, CP circuit power taken into

account and given as:

EE, (5.18)

_eB  (logy(M CP + MP¢c)
T (1+e) (CP, + MP,)

Where log,(M CP, + MP;.) is SE. The final expression of selection for multiple

antennas is:

EE, ~ —5 ( >k ) (5.19)
(1+E) (CP1+MPCC)

5.3.2 Selection of Multiple User Equipment’s

Similarly, as the numbers of UEs increased the same as the numbers of antennas, the
SE increased with raises in power consumption that caused the reduction in EE. A
Wyner model is shown in Figure. 5.1 with K antenna in both cells having relative

channel gain in Equation (5.1), the SE of cell [ is given as:

M-1
SE; =log, | 1+ 2 (5.20)
(K—-1)+Kp, + —YL-
P PULﬁll

As SE formed in Equations. (5.5,5.6,and 5.8) the expressions become:

—( M-1 KB, +1 K)_l %
e\ BIAS

(5.21)

The tradeoff relation of EE-SE is formed in the below equation.
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KSE,
EE, =B

M-1 - (5.22)
K(—(ZSEI i Kp,+1— K) Vo + CP, + MP¢c + KPyg,

The power consumption of M times BS (MP.;), CP;,and K time users UEs are
considered in (5.22). Thus, the change of EE concerning change in SE can show the

tradeoff scenario and, in this regard, the derivate of EE with respect to SE is taken by

logarithm function-based approximation as:

M-1 -1
K((——Kﬁr+1—K) Vo + CP, + MPyc + KPyg

25E1 — 1)

(5.23)

25— 1 20 l0g,(2)

= - _ _ _JU ToeNTI 5SE;
KSEI<1 (M—l)K'Br 1+K> M — 1 2
Insert the Equation (5.23) into Equation (5.22) and expression forms as:
EE, = B !
L= 2SEr 1 —2 Vg SE, (5.24)
(1—(W)Kﬁr—1+’<) M—12

5.4 Energy Efficiency and Throughput Tradeoff

In the previous section, the tradeoff between EE and SE is optimized, and only three
power consumption terms are evaluated as CP;, MP.;,and KPyg in (5.23). In this
section, the trade-off of SE and throughput is formulated while the circuit power
consumption Model and DL&DL models are taken into account. In the circuit power
consumption model for evaluating the tradeoff between EE and throughput, the transmit
power, circuit power consumed by hardware at the BS side, coding/decoding power,
and digital signal processing power are considered. In this regard, the expression
formed for the BS [ in massive MIMO network as.

CP, = Pgix + Pipgn + Pen + Pc,d + PL,bH + Ppsp (5.25)

The CP model considers the fixed power (Pgy), consumed by transceiver (Piyqn),
channel estimator power (P.,), consumed power by coder/decoder (P.,), load-
dependent consumption (Pp,y), and digital signal processing power (Ppsp). The
overall power consumed by BS [ for the UL and DL combined the expression is given

as.
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PSig = PR,T + P(,l‘]oLm + PIQrLe (5.26)

Where Ps;4is an overall power consumed in transmission and receiving of signal and
Pr 1, POy, and PR, are transmitter/Receiver power, combining vectors, and precoding

vectors consumed power, respectively. PYk and PPL are further computed for

combining and precoding vector respectively as elaborated in section.5.3 and written

as.
7B
YL, = ——K .
Com TULL l (5 27)
pL 4B
Ppre = mMsz (5.28)

Table 5. 2 lllustration of Power consumed by BS for the signal processing with
different combining/precoding vector computations.

Scheme Transmitter  Power consumed by Computing Power consumed

& receiver combining vectors by Computing
Consumed precoding vector
power
Prr Plom Ppr
Multicell — wMiK; 75 [n(3MP+ M)k MP-d; 2B
MMSE Tl Z 2 T3 toul

+ Mij(Tp - KJ)

- 2 3
Single-cell T:M;K; 7B (3MiK; M;K; M; —M; ﬂMjKj
"MMSE L\ 2 2 3 Fout
2 3
RZF 1. M;K; 7B (3KiM; 3K;M; + Ki' — K; EM]-K]-
oL\ 2 2 3 oL
2 3
ZF T MK, 7B (3KPM; KMy K- K 5wk,
AN 2 3 oL
K. 7B 4B
MR T M;K; ‘ — MK;
TyLL Tp L

The illustration of combining schemes as multicell MMSE, single-cell MMSE, RZF,
ZF, and MR with their power consumption for the UL signal is computed in Table.5.2
The same vectors are used for the precoding vector in the DL signal, where consumed

power is also figured and written in Table. 5.2. The primary purpose of this section is
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to compute a model for optimizing the tradeoff between EE and throughput while
considering the power as mentioned above consumption model in all aspects. The
power consumed in UL and DL signals by transmitting the pilot sequence can be written

as.

ky k; k;

Tpi 1 T 1 T 1
TTP, = -PU z UL z DL Z 5.29
! Tcon k=1uUEl P + Tcon UUElp +TCOh uUEl Pu ( )

The total transmit power consist of the total transmit power of the pilot signal

Tpil kl

TUL .
reor, 2k=1 705, P> total transmit power of UL 51gnal Z k=170, Pv and total transmit

1 . :
power of DL s1gna1 ’,zl 1o, Pr The simulation parameters and results are

discussed in the next section.
5.5 Results and Discussions

This section simulates and evaluates SE, EE, and Throughput expression for UL and
DL. The calculation of throughput with M-MMSE, S-MMSE, RZF, ZF, MR combining
and precoding schemes by taking M number of antennas, K numbers of UEs are
considered. The optimal tradeoff of EE with SE and throughput is discussed in detail.
The model is simulated in MATLAB, and the simulation sequence is illustrated in

Table. 5.3.

5.5.1 Energy Efficiency and Spectral Efficiency Tradeoff

As computed in Equation (5.16), the CP; increases with M times in the selection of
multiple antennas and Figure. 5.3 illustrates the SE-EE tradeoff. The x-axis represents
the SE in Bit /s/Hz and the y-axis represents the EE in bit/joule. The results of Figure
5.3 are elaborated in Table.5.4 where CP;, = 0,5,10,15 Watts are considered, numbers

of antennas are 10 with a bandwidth of 200 KHz, B__ -3dBm, and p=0.5. As shown in
0

Figure. 5.3 and concluded in Table 5.4, for the optimal tradeoff, the SE increases from
0 to 10 [Bit /s/Hz] when CP; wattage increased up to 15 watts but decreased the EE
from 2 X 107 to 2.5 X 10° as [115] expresses this fact. The optimal points for the
trade-off of SE-EE are shown in Figure 5.3 that is improved compared to [115], where

the proposed model has less effect of a decline in EE at given parameters.
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Table 5. 3 Sequence of simulation.

Proposed Algorithm

Step 1:  Based on the Wyner model compute UL and DL sequence for the
cell l

Step 2:  Generate random estimated channel vectors H} € C for UL and DL

Step 3:  Compute SE-EE relation for the selection of multiple M as Eq. (5.17-
5.19)

Step 4 Compute SE-EE relation for the selection of multiple UEs as Eq.
(5.22-5.24)

Step 5:  Compute receive combining vectors for UL as in Table. 5.3.

Step 6:  Compute DL sequence for precoding for DL as in Table. 5.3.

Step 7:  Compute power consumption-based combing and precoding vectors
as Eq. (5.25-5.28)

Step 8:  Plot of Figures
SE-EE tradeoff with logarithm-based function approximation;
Throughput-EE tradeoff for considering power consumption model,

combining, and precoding schemes.

Table 5. 4 Simulation parameters and results for the selection of multiple antennas

and M is fixed.

Parameters cCP,=0W CP,=5W CP,=10W CP;,=15W
M 10 10 10 10
B [KHZ] 200 200 200 200
¢> -3dBm -3dBm -3dBm -3dBm
RO

0

0.5 0.5 0.5 0.5

SE [Bit /s/Hz] 0 5 8 10
EE [bit/joule] |2 x 107 2 x 10° 3 x10° 2.5 x 10°
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Figure 5. 3 Illlustration of EE-SE tradeoff for different CP; in case of multiple antenna
selections.

As computed in Equations (5.18 and 5.19), the CP; +ETP are fixed as
15 w and 2 watt with Multiple M for optimizing the tradeoff of SE-EE illustrated in
Figure. 5.4. The x-axis represents the SE in Bit /s/Hz, and the y-axis represents the
EE in bit/joule. The results of Figure 5.4 are elaborated in Table. 5.6 where M =

2

5,20,100, 1000 are considered with a bandwidth of 200 KHz, %: -3dBm, and p=0.5.
0

As shown in Figure. 5.4 and concluded in Table 5.5, for the optimal trade-off the SE
increases from 2 to 10.5 [Bit /s/Hz] with several multiple antennas and CP; + ETP
wattages are fixed while it decreases the EE from
2 X 10° to 1.8 x 10*. The optimal points for the tradeoff of SE-EE are shown in

Figure. 5.4 that is improved as compared to [23].
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Table 5. 5 Simulation parameters and results for the selection of multiple antennas

and CP is fixed.
Parameters M=5 M =20 M =100 M =1000
CP,[Watt] 15 15 15 15
ETP [Watt] 2 2 2 2
B [KHZ)] 200 200 200 200
¢? -3dBm -3dBm -3dBm -3dBm
Bo
m 0.5 0.5 0.5 0.5
SE [Bit /s/Hz] 2 4 7 10.5
EE [bit/joule] 2 x 10° 25%x105 9 x10* 1.8 x 10*
10* - - -
M = 1000
M =100
103 | M= 20 |
M=5
Optimal
Point

EE [bit/Joule]
2,

10° : : -
0 3 6 9 12

SE [bit/s/Hz]

Figure 5. 4 Illlustration of EE-SE tradeoff for different M in case of multiple antenna
selections.

As computed in Equations (5.23 and 5.24), different M /K ratio is taken into account
for optimizing the tradeoff of SE-EE illustrated in Figure 5.5. The x-axis represents the
SE in Bit /s/Hz and the y-axis represents the EE in bit/joule. The results of Figure.
5.5 are elaborated in Table. 4.7 where M /k = 2,4, 8, 16 are considered with the same
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2
bandwidth, %, and p used in multiple antenna selections. As shown in Figure 5.5 and
0

concluded in Table 5.6, for the optimal tradeoff, the SE increases from 14 to 48
[Bit /s/HZz] as it increases with several multiple antennas while the notable parameter
is that there is not much decrement in EE as it only decreases
3 X 10° to 4 x 10°. The optimal points for the tradeoff of SE-EE are shown in Figure.

5.5 that are improved as compared to [23].

Table 5. 6 Simulation parameters and results for the selection of multiple UEs and

CP is fixed.
Parameters M M M M
K= 2 & 4 X 8 X 16
CP,[Watt] 15 15 15 15
K 20 20 20 20
M 40 80 160 320
ETP [Watt] 2 2 2 2
B [KHZ] 200 200 200 200
o2 -3dBm -3dBm -3dBm -3dBm
BY
M 0.5 0.5 0.5 0.5
SE [Bit /s/Hz] 14 23 30 48
EE [bit/joule] 3 x 10° 4 % 10° 4 x10° 3 x 10°
107
108
o o
3 Lff"’f_—‘ ~'|
= — MIK=2
m ——MK=4
4 MK=8 ||
10 —  M/K=16
Optimal
Point
10° : : -
0 15 30 45 60

Sum SE [bit/s/Hz/cell]

Figure 5. 5 lllustration of EE-SE tradeoff for different M /K in case of multiple UEs
selection.
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5.5.2 Energy Efficiency and Throughput Tradeoff
The tradeoff between EE and throughput is slightly different. It caters to all power

consumption models with different combining and precoding schemes for UL and DL
separately, as shown in Table 5.2. The final expression is given in Equation (5.29), and
two setting values are considered for the optimal tradeoff of EE-Throughput. Multiple
antennas are taken into account for finding the total power consumption of all models
computed in the next section, and the results are shown in Figure. 5.6. The x-axis
represents the varying numbers of antennas, and the y-axis represents the TTP in dBm.
The optimal tradeoff needs total transmit power for all combing and precoding vectors
such as 41.8, 41.2, 40.9, 40.9, and 40.9 dBm for M-MMSE, S-MMSE, RZF, ZF, and
MR, respectively, for the setting value-I as shown in Figure 5.6. The figure also
expresses that the dBm for the multiple M does reduce to 39.5, 39.45, 39.40, 39.40, and
39.40 for ZF, RZF, M-MMSE, S-MMSE, and MR respectively after setting the power

consumption values to half as setting value-II taken in Table 5.7.

The optimized results of the tradeoff between EE and through results are shown in
Table. 5.9 after considering all power consumption models with different combining
and precoding schemes for UL and DL separately. The final expression is given in.
(5.29), and two setting values are considered for the optimal tradeoff of EE-Throughput.
The X-axis represents the throughput values in
Mbit/s/km? and the y-axis represents the EE in Mbit/Joule/cell. The power
consumption model values in setting value-II are half of the setting value-I, as shown
in Table. 5.8 ultimately, the EE is almost doubled as 27 is 52, 26 is 47, 24.5 is 43, 23.5
1s42, and 15 is 23 for M-MMSE, S-MMSE, RZF, ZF, and MR, respectively. The values
as mentioned earlier of EE are optimized value at throughput (Mbit/s/km?) of 890,
880, 850, 845, and 450 for different schemes. The proposed model indicates that
reducing the total power consumption increases the EE but does not affect the

throughput as [27] does.
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Table 5. 7 Simulation parameters for the selecting multiple CP models of different
setting values.

Parameters Setting Value-I Setting Value-II
Fix Power 8w 04WwW

Power consumed by each BS 0.3 W 0.15 W

Power consumed by each UE 01w 0.05W

ETP 0.4W 0.04 W

Power consumed for encoding 0.09 W/(Gbit/S) 0.009 W /(Gbit/S)
Power consumed for decoding 0.8 W /(Gbit/S) 0.08 W/(Gbit/S)

42 T T T T T T T T T

41

Setting Value |

40

(]
w
T

TTP, [dBm]

[#3]
=]
T

(4]
L=
T

Setting Value ll

35 i i i i i i i
0 25 50 75 100 125 150 175 200 225 250

Number of antennas (M)

Figure 5. 6 Results of multiple CP models of different setting values.

Table 5. 8 Simulation parameters for the selection of multiple CP models of different
setting values.

Scheme EE for Setting EE for Setting Value-I Area Throughput

Value-I Mbit/Joule/cell Mbit/s/km?
Mbit/Joule/cell
M — MMSE 27 52 890
S— MMSE 26 47 880
RZF 24.5 43 850
ZF 23.5 42 845
MR 15 23 450
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Figure 5. 7 lllustration of throughput-EFE trade-off, (a) for the setting value-I and (b)
for the setting value-II.

5.6 Summary

In this chapter, the tradeoff of EE with SE and throughput are optimized in the proposed
massive MIMO system. The UL and DL systems are modelled with the Wyner model.
In the first step, two cell scenarios are considered and computed the expressions for
UL. DL transmission based on the Wyner model then recommended an optimized
model for both tradeoffs. The optimized parameters are calculated for selecting multiple
antennas and the selection of multiple users as these effects enhance the SE and reduce
the EE. This model validates the optimized relation of SE-EE with logarithm function-
based approximation and revealed remarkable implications in results. Finally, the
circuit power consumption model is modelled for evaluating the tradeoff between EE
and throughput. In contrast, the transmit power, circuit power consumed by hardware
at the BS side, coding/decoding power, and digital signal processing power are

considered.
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CHAPTER 6
CONCLUSIONS AND FUTURE RECOMMENDATIONS

The author explored massive MIMO systems to obtain optimal EE and area throughput
in the first half of this research. The simulation results have significant ramifications.
The study was based on uncorrelated fading, which allows each user to have their
channel covariance matrix. Monte Carlo simulations produce the MMSE and
MRT/MRC results. Although the MMSE delivers the best throughput gain, and ZF
processing provides a more considerable efficiency gain. The performance of ZF pre-
coding (with poor CSI) is comparable to that of MMSE and ZF (with perfect CSI). The
findings with MRT/MRC are not particularly impressive, but it operates at a high IUI,
which explains why the rate/UE is lower. For the same values of M and N, the signal
processing complexity in this scheme is also lower than in the other methods; however,
the power savings are insufficient to compensate for the poor data rates. To achieve the
same rates as ZF, the MRT/MRC requires a system with M values substantially bigger
than N (M>>N). It will, on the other hand, significantly increase the circuit power
dissipation. It is expected that circuit consumption will decrease over time, indicating
that better EE can be obtained by using fewer UEs, fewer BS antennas, lower power,
and progressive processing techniques. The results of this study show that a massive
MIMO system can be developed using low power transceiver (consumer-grade) gear at
the coverage layer. The reduction in power dissipation improves results, and it is
possible by shortening the circuit. The findings of power usage are shown in Figure 3.4.
Reducing the cell radius minimizes the system's network capacity while increasing the

EE.

As the 2nd part of this research, the optimal SE is augmented per cell in the proposed
massive MIMO system and computed MMSE channel estimation with different
combining and precoding schemes. The study originated from MMSE channel
estimation after examining EW-MMSE and LS estimators, where MMSE found the
more complex but exceptionally improved estimator to enhance the SE per cell. Monte
Carlo simulations produce the results of MMSE combining and precoding schemes in

MATLAB. Although the MMSE was the optimum channel estimator among all, it was

83



Conclusions and Future Recommendations

also observed that MR was less complex. In this regard, the complex computations of
MMSE are considered because the variance in results is relatively small and
improvement in SE is big. M-MMSE, S-MMSE, RZF, ZF, MR combing, and precoding
schemes for UL and DL are tested with the proposed numerical expressions by taking
the same vectors where M-MMSE has found the best option to deal with SE. The results
with MR precoding are not much good, but it can operate under intercell interference
with less complexity in the computation of channel estimation. The findings of this
work specify that the massive MIMO system can develop by optimize channel
estimation for the augmentation of SE in UL and DL transmissions. Conclusively, it
can summarize that some complex computations of MMSE channel estimators can

enhance the average sum of SE per cell as results verified in this model.

As the 3rd part of this study, the trade-off between EE and SE and throughput is
optimized in the proposed massive MIMO system and modelled the UL and DL systems
using the Wyner model. The two cell scenarios are adopted and calculated for uplink
and downlink transmission based on the Wyner model in the first step. An optimization
model is proposed for these two for both tradeoffs. The optimized parameters for
selecting multiple antennas and selecting multiple users are calculated because these
terms enhance SE and lower EE. The model verifies the optimization relationship of
SE-EE through the approximation based on logarithmic function and finds significant
enlightenment to the results. The circuit power consumption is modelled to evaluate the
trade-off between EE and throughput while considering transmit power, circuit power
consumed by the BS side hardware, encoding/decoding power, and digital signal
processing power. In this regard, the UL and DL models for different combining and
precoding schemes are used to formulate expressions for the BS in the massive MIMO
network and calculate the total power consumption. The M antennas and K UEs are
taken to calculate the throughput of M-MMSE, S-MMSE, RZF, ZF, MR combining,
and precoding schemes. The EE throughput trade-off result of the power consumption

model through the combining and precoding scheme is optimized.

Moreover, it also has received the ability to fix the throughput by reducing power
consumption. The optimized trade-off results are verified in the proposed model. The
findings of this work assume that by optimizing EE to enhance SE and throughput in

UL and DL transmissions, massive MIMO systems can be developed. It finally
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improves the EE. The choice of antenna and UE is optimized by evaluating actual

power consumption.
The future work of energy-efficient MIMO systems are listed below:

e The uplink and downlink are considered both while hardware and singular
processing could be included to optimize the energy efficiency of massive MIMO
systems in the future.

e However, the optimized selection of multiple antennas and UEs are studied. These
studies focus on energy and spectral efficiency enhancement over 6G Hz
frequencies as future aspects.

e We can summarize that some complex computations of MMSE channel estimators
can enhance the average sum of SE per cell, as verified in our model.

e To increase the performance of SE, the joint optimal analysis of BS antennas,
resolution of ADC, and oversampling parameters with one or more than one
receiver can also be an excellent future research topic.

e The complexity analysis of non-linear precoders such as Tomlinson-Harashima
Precoder (THP) should also be studied in future.

e The pilot contamination is considered a significant drawback that affects the
massive MIMO system’s efficiency. The efficiency and performance deprivation is
caused by cells interference during channel estimation. This interference is difficult
to detect and solve. To mitigate these problems, analysis on cell size, selection of
proper frequency reuse parameters and receiver’s parameters is still an open topic
for future study.

e However, massive MIMO encourages ultra-high frequency, so improving EE and

SE still opens areas for further research.
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