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ABSTRACT

The worldwide shortage of microwave bandwidth has emerged as a critical limitation threatening the evolution
of next-generation wireless networks. This scarcity poses significant challenges for emerging applications
including massive Machine Type Communication (mMTC), enhanced Mobile Broadband (eMBB), and Ultra-
Reliable Low Latency Communications (URLLC). This research investigates the Millimetre Wave (mm-Wave)
frequency band (30- 300 GHz) as a solution for 5G systems. Four major contributions are presented: (1) a
Compressed Sensing (CS) based channel estimation algorithm exploiting channel sparsity, achieving 16 dB
better NMSE and 83% faster computation than OMP; (2) an optimal hybrid precoder/combiner design
achieving 95-98% of fully digital performance with 81% fewer RF chains; (3) an SVD-based semi-blind
channel estimation technique for multi-cell systems mitigating pilot contamination with 11-12 dB MSE
improvement; and (4) a comprehensive NOMA performance analysis demonstrating 10-16% capacity
improvement with optimal power allocation. All proposed methods have been validated through extensive
simulations with 1000 Monte Carlo iterations.

Keywords: 5G Wireless Networks, Millimeter Wave Communication, Massive MIMO, Compressed Sensing,
Hybrid Precoding, Non- Orthogonal Multiple Access, Channel Estimation, Pilot Contamination, Spectral
Efficiency, Beamforming, Successive Interference Cancellation.

INTRODUCTION

Background on 5G Technology

Recent advancements in electronic devices and computer science have given rise to numerous innovative applications,
including massive Internet of Things (1oT), Artificial Intelligence (Al), Vehicle-to- Everything (V2X) communications,
Augmented and Virtual Reality (AR/VR), wireless high-definition video, autonomous driving, home automation, and
video surveillance. These applications have significantly increased the volume of data transmitted over wireless
networks. Global monthly smartphone traffic reached 77 exabytes in 2022, approximately seven times the volume
recorded in 2017.

International research groups and initiatives have been actively developing 5G technology since 2013. These include
the EU 5GPPP, China IMT-2020, Japan ARIB, and the Korea 5G Forum. Notably, 5G is designed to support three
primary usage scenarios: massive Machine Type Communication (mMTC), enhanced Mobile Broadband (eMBB), and
Ultra-Reliable Low Latency Communications (URLLC).

Table 1.1: 5G Usage Scenarios and Requirements ScenarioPrimary ApplicationPeak Data RateLatencyDevice Density
eMBB Human- centric (video, mobile telephony) 20 Gbps DL, 10 Gbps UL 4 ms 200,000/km? URLLC Mission-
critical (autonomous vehicles, telemedicine) 10 Mbps 1 ms 100,000/km? mMTC Machine-centric (sensors, meters,
wearables) 1-100 kbps 10 ms 1,000,000/km?

1.1 Millimeter Wave Communication Fundamentals

The mm-Wave band, spanning frequencies from 30 GHz to 300 GHz with corresponding wavelengths from 10 mm to
1 mm, represents the most promising candidate for upcoming 5G networks. mm-Wave communication is widely
regarded as one of the most significant technologies for achieving peak data speeds of 10 Gbps. The Shannon capacity
equation demonstrates that channel capacity can be increased by expanding bandwidth, increasing received signal
power, or reducing noise power spectral density:

C = B log:(1 + P/(NeB))

Where C represents channel capacity (bits/second), B is bandwidth (Hz), P is received signal power (watts), and No is
noise power spectral density (watts/hertz). Increasing channel bandwidth is perhaps the easiest method, as it increases
channel capacity in a nearly linear fashion. mm-Wave offers channel widths of 500 MHz to 2 GHz compared to 20
MHz in 4G LTE.
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Derivation 1.1: Bandwidth Impact on Capacity For a system with SNR = 10 dB (linear ratio of 10): C = B x logz(1 +
10) = B x 3.46 bits/s/Hz

At B =20 MHz (4G LTE): C = 69 Mbps

At B = 500 MHz (mm-Wave): C =~ 1.73 Gbps At B = 2 GHz (mm-Wave): C = 6.92 Gbps Challenges in mm-Wave
Communication mm-Wave propagation exhibits unique characteristics due to the small wavelength relative to the
dimensions of most environmental objects. Employing mm-Wave in mobile networks presents numerous technical
difficulties, including severe path loss, high penetration loss, high power consumption, and blocking due to shadowing.

1.1.1 Path Loss Analysis

In free-space propagation, received power and transmitted power are related by the Friis transmission formula: P_r =
Pt Gt Gr (M4nd))". mm-Wave communications have substantially shorter wavelengths than conventional
microwave signals (carrier frequency below 6 GHz). Consequently, the path loss of mm-Wave waves is significantly
larger. Rain attenuation and atmospheric/molecular absorption further increase path loss. At 60 GHz, oxygen absorbs
mm-Wave signals, causing atmospheric attenuation of approximately 15 dB/km in the 57-64 GHz range.

1.1.2 Penetration and Foliage Loss

Building material properties significantly impact penetration loss. Clear glass: ~3.9 dB, dry wall: ~6.8 dB, brick: ~28
dB, tinted glass: ~40 dB at 28 GHz. Foliage loss causes substantial signal scattering. At 28 GHz and 73 GHz, foliage
loss is approximately 11 dB and 15 dB respectively for 5 meters of foliage.

Table 1.2: mm-Wave Propagation Challenges ChallengeCauseTypical LossMitigation Strategy Free Space Path
LossDistance and frequency~100 dB at 100m, 28 GHzMassive MIMO, beamforming Atmospheric AbsorptionOxygen
at 60 GHz15 dB/kmSelective frequency planning Rain AttenuationRaindrop scatteringl-15 dB/kmPower control,
adaptive modulation Penetration LossBuilding materials4- 50 dBOutdoor deployment, indoor small cells

1.2 Research Objectives
The objective of this research work is to develop efficient beamforming, innovative channel estimation, and NOMA
techniques for 5G mm-Wave systems. The specific research objectives are:

1. To develop an optimal Millimeter Wave MIMO channel estimation solution for the sparse nature of Millimeter Wave
channels.

2.To develop optimal precoder/combiner design for multi-user Millimeter Wave MIMO systems.

3.To develop an optimal Millimeter Wave MIMO channel estimation solution for multi-cell multi- user scenarios.

4. To investigate the performance of Non-orthogonal multiple access (NOMA) in Millimeter Wave communication.

2. OPTIMAL CHANNEL ESTIMATION FOR SINGLE CELL mm-WAVE MIMO SYSTEMS

This chapter presents a comprehensive analysis of the channel estimation problem in single-cell mm-Wave MIMO 5G
systems equipped with massive antenna arrays. Compressed Sensing (CS) based solutions are proposed and evaluated
against the Orthogonal Matching Pursuit (OMP) algorithm and the oracle LS estimator.

2.1 Sparse Channel Model

Mm-Wave channels exhibit sparsity—only a few propagation paths carry significant energy. The sparse channel model
can be expressed as:

H=(NTNR/L) = _{I=1}NL} a_la_R(0_I"r) a_T"H(O_I"t)

where L is the number of multipath components (typically 3-8), o, 1 is the complex gain, 8 1*r and 6 1"t are the angles
of arrival and departure, and a R(0) and a_T(0) are the array response vectors. For a Uniform Linear Array (ULA)
with half-wavelength spacing:

a(@) = [1, eMjr sin 0}, eN{j2n sin 6}, ..., eMj(N-1)z sin O}]"T

The beamspace channel representation is H_ b = A_R*"H H A T, where H_b is sparse due to limited multipath
components.

Derivation 2.1: Proof of Sparsity in Beamspace Domain

The beamspace representation [H_b] {p,q} =a R H(0 p) Ha T(6 q). Substituting the channel model:

[H b] {p,q} = V(NTNR/L) = o la R*H(® p)a R(O I*r)a T H(O I*t)a T(6_q)

For large NT and NR, a_R"H(6_p) a_R(8_I1*r) = 8(p,l) and a T H(6_I"t) a T(6_q) = 8(l,q). Therefore, H_b has at most
L non-zero entries.

2.2 Proposed CS Algorithm

The received signal in vectorized form is y = Q h_b + n, where Q is the sensing matrix with more columns than rows.
The optimization problem is minimize ||h_b||_0 subject to y = Q h_b. Since €o minimization is NP-hard, the {:
relaxation is used: minimize ||h_b||_1 subjectto |y - Q h_b]|_2 <e

542



International Journal of Multidisciplinary Innovation and Research Methodology (IJMIRM)
ISSN: 2960-2068, Volume 3, Issue 3, July-September, 2024, Available online at: https://ijmirm.com

The proposed algorithm features: (1) adaptive stopping criterion based on residual correlation, (2) improved numerical
stability through QR factorization, and (3) optional debiasing step after convergence.

Key Finding 2.1: At 50 dB SNR, the proposed CS algorithm achieves NMSE of 2.39x10~7 compared to
9.44x107° for OMP (16 dB improvement). Computation time: 0.191 seconds vs 1.14 seconds (83% faster).

Table 2.1: NMSE Performance at High SNR Regime

SNR Proposed| OMP Proposed OMP
(dB) (Low (Low (High (High
Gain) Gain) Gain) Gain)

10 | 2.17x107 | 9.44x1072| 1.68x107 | 9.08x1072
20 | 2.39x10*] 9.44x107%| 1.68x10* | 9.08x1073
30 | 2.39x1075 | 9.44x107*[ 1.68x1075 | 9.08x10™*
40 | 2.39x107°| 9.44x1075| 1.68x107| 9.08x10°°
50 | 2.39x107 | 9.44x107°5 1.68x107 | 9.08x107°¢

Computational Complexity Analysis

Complexity Analysis 2.1: Proposed vs. OMP

Standard OMP complexity: O(L N G)

Proposed algorithm complexity: O(L N log G) using FFT-based correlation

Speedup factor: O(G / log G)

For G =256, log G = 8, theoretical speedup = 32x Measured speedup in MATLAB: 6.7x (due to overhead)
Measured computation times: Proposed: 0.191s, OMP: 1.14s (83% reduction)

HYBRID PRECODING FOR MULTI-USER mm-WAVE MIMO SYSTEMS
This chapter presents a comprehensive hybrid precoder and combiner design for mm-Wave communication with
massive MIMO systems, considering both perfect and imperfect Channel State Information (CSI) scenarios.

2.3 System Model and SINR Analysis

The uplink system comprises one Base Station (BS) with M antennas and K User Equipment (UE) units each with a
single antenna. The received signal vector at the BS is y = Hx + n. The BS applies hybrid combiner W = W_RF
W_BB. The combined received signal isr =W_BB"HW_RF"H y.

Under perfect CSl, the SINR for the k-th UE is SINR_k = ||h_k|]?/ (Z_{i#k} |h k*H h_i]?/ ||h_k|]* + o2 ). When power
scaling is applied (E[|x_k[?] = p_u/M), the SINR reduces to SINR_k — (p_u a_k)/ (c?) as M — co.

Under imperfect CSI, the channel estimate is H = H + N/\(p_p). The SINR becomes SINR k= (p_u o_k) / ( Z_{i#k}
p_u|B {ki}]?+c*+p_uoc_e*), where c_e?is the estimation error variance.

Key Finding 3.1: Hybrid precoding achieves 95- 98% of fully digital capacity with 6 RF chains instead of 32 (81%
reduction). The ZF receiver outperforms MRC by 71% without power scaling.

Table 3.1: Sum-Rate Performance at 500 BS Antennas (bits/s/Hz)

Csli Power| ZF MRC | Improvem
Condition| Scaling|Receiver| Receiver ent
Perfect No 67.52 39.44 +71%
Perfect Yes 4.96 5.00 0%
Imperfectf No 48.03 31.81 +51%
Imperfect| Yes 12.96 12.14 +7%

2.4 Capacity Performance

The capacity of the hybrid precoding method was evaluated with configuration N_T=32,N_ R=32,N RF=6,N_S =
6, G = 64, L= 8. At 20 dB SNR, the proposed method achieves 78.36 bits/s/Hz, compared to 64.12 for Nalband et al.,
61.24 for Chopra et al., and 38.40 for Lu et al., representing improvements of 22.2%, 27.9%, and 104% respectively.

3. MULTI-CELL CHANNEL ESTIMATION USING SVD-BASED SEMI-BLIND APPROACH

This chapter addresses pilot contamination in multi- cell mm-Wave MIMO systems using an SVD-based semi
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blind channel estimation algorithm.

3.1 Pilot Contamination Problem

Pilot contamination occurs when the same pilot sequences are reused across neighboring cells. The channel estimate is
G {1} = G_{I} + = {jA} G_{lj}+ N_1 ®*H / V(p_p), where the contamination term £_{j#} G_{lj} does NOT
vanish as M — oo, creating an irreducible error floor.

Key Finding 4.1: The SVD-based semi-blind algorithm approaches the Cramer-Rao bound within
1.5 dB and achieves 11-12 dB better MSE than pilot-based methods, effectively mitigating pilot contamination.

3.2 Proposed SVD-Based Algorithm

The sample covariance matrix R _Y = (1/N) £y ny_n*Hiscomputed . Its SVDisR Y = U A U*H. The signal
subspace U_S = H_{jj} + F_j E_Q is extracted. The channel estimate is H {jj} = U_S E_Q, where

E_Q resolves the ambiguity using limited pilot information.

Derivation 4.1: Asymptotic Orthogonality

In multi-cell networks, as M — o, (1I/M) H_{jI}*H H_{j'l'} — 8(j-j") 6(1-I') I_K. This asymptotic orthogonality enables
simple linear processing to achieve near-optimal performance. The covariance matrix R {Y"d} = p u £ G_{jl}
G {ji"H+c*I M=p uM (D {jl}) 1 M+ c21 M for large M. Table 4.1: MSE Performance at SNR = 30 dB

4.3 MSE Performance vs. Number of BS Antennas

As the number of BS antennas increases from 60 to 140 at pilot power 20 dB, the proposed algorithm's MSE improves
from 1.40x1072 to 7.01x1072, while pilot-based estimation improves from 1.30x107' to 1.19x107'. The gap between
the proposed method and the Cramer-Rao bound is less than 3 dB at high SNR.

4. NOMAPERFORMANCE ANALYSIS IN mm-WAVE SYSTEMS
Non-orthogonal Multiple Access (NOMA) represents an important new 5G paradigm intended to address a variety of
network requirements including low latency, improved fairness, enhanced spectral efficiency, and massive user access.

4.1 Power Domain NOMA Fundamentals

The transmitted signal for two-user downlink NOMA is s = V(auP) xi + V(0zP) X2, where a: + a2 = 1 and o > a2 (more
power to the weaker user). The received signals are y_i =h_i s+ n_i. The SINR for the weaker user is y1 = a1pd1/(02pd:
+ 1), and for the stronger user after SIC is y2 = a2pd2.

Key Finding 5.1: NOMA with optimal power allocation improves capacity by 10.6-15.9% at low SNR. Weaker users
receive 15-20 dB better outage performance when allocated higher power.

Table 5.1: Capacity Comparison at Different SNR Levels (bits/s/Hz)

. Proposed Pilot- Improvement

Low Gain, Low Noise|  4.90x107 6.48x102 11.2dB

Low Gal_n, High 1.14x102 1.83x10! 12.1 dB
Noise

High Ga_m, Low 5.08x10-2 7.05%10~! 11.4dB
Noise

High Gain, High 7.80x102 9.35x10" 10.8 dB
Noise

4.2 Outage Probability Analysis

The outage probability for the weaker user in unordered downlink NOMA is P_out,UE1 = 1 - exp(- (2"{Ri1} - 1)/ (oup
- 02p(2{R1} - 1))). For ordered NOMA DL, the weaker UE should be decoded first. At SNR = 20 dB with 0.=0.9,
a>=0.1, the weaker UE achieves outage probability of 1.21x1072, compared to

1.83x1072 for the stronger UE.

Derivation 5.1: Optimal Power Allocation for NOMA DL

The sum-rate capacity is C_NOMA =logz(1 + oupd1/(02pd: + 1)) + loga(1 + 02p52).

Maximizing C_NOMA is equivalent to maximizing a>. The optimal a2 is the minimum value satisfying: 02 > (2*{R2}
- D/(pd2) and a2 < 1 - MR} - D/(pdi - MR} - 1))
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SNR Optimal Equal In;ﬁ)err?tv ¢
(dB) Allocation |  Allocation (%)
10 5.32 4.59 15.9%

15 7.45 6.47 15.1%

20 9.67 9.19 5.2%

25 10.92 10.85 0.6%

30 12.12 11.50 5.4%

4.3INTEGRATED RESULTS AND COMPARATIVE ANALYSIS

Objective-Wise Performance Summary

Table 6.1: Summary of Key Performance Improvements across All Objectives

Propose| Improvement
Key Metric d VS.
Result Existing

2.39x107| 16 dB better

Objecti
ve

Objectiv] NMSE at50
el dB SNR

Objectiv| Computation | 0.191
el Time seconds

Objectiv| Capacityat20| 78.36
e 2 dB SNR bits/s/Hz

Objectiv| MSE at 30 dB

83% faster

22-104% higher

4.96x103| 11 dB better

e3 SNR
Objectiv| Capacity at 10 5.32 10.6-15.9%
e 4 dB SNR bits/s/Hz higher
CONCLUSION

6.2 Discussion of Practical Implications

The proposed techniques offer several practical advantages: (1) The CS-based channel estimation enables real-time
processing with 0.191 seconds per 1000 iterations, suitable for mobile applications; (2) The hybrid precoding design
reduces hardware costs by 81% while maintaining near-optimal performance; (3) The SVD-based semi-blind method
effectively mitigates pilot contamination in dense urban deployments; (4) NOMA with optimal power allocation
provides significant capacity gains, especially in low SNR scenarios typical of cell-edge users.

This research has successfully developed four novel technigques for enhancing mm-Wave 5G systems:
1. CS-based channel estimation: 16 dB NMSE improvement, 83% faster computation than OMP.
2. Hybrid precoding design: 95-98% of fully digital performance with 81% fewer RF chains.
3. SVD-based semi-blind estimation: 11-12 dB MSE improvement, approaches Cramer-Rao bound.
4. Optimal power allocation NOMA: 10-16% capacity gains at low SNR, 15-20 dB better outage for weaker
users.

Overall Conclusion: The proposed methods collectively form a comprehensive framework for enhancing the capacity,
reliability, and spectral efficiency of 5G mm-Wave cellular networks. All techniques have been validated through
extensive simulations with 1000 Monte Carlo iterations, demonstrating significant improvements over existing
approaches.

FUTURE SCOPE

« Wideband CS Channel Estimation: Extending the CS algorithm to wideband frequency-selective channels could
further reduce pilot overhead by 50-70%.

« Iterative Hybrid Precoding: Developing iterative precoder and combiner designs could close the remaining 2-5%
performance gap to fully digital systems.

« Rician Fading Models: Evaluating channel estimation in Rician fading channels with dominant LOS components
could achieve 6-8 dB additional SNR gain.

NOMA for URLLC: Designing NOMA schemes with finite blocklength coding could achieve URLLC requirements
(0.1-1 ms latency, 99.9999% reliability) while maintaining 20-30% higher spectral efficiency.
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Terahertz Communications: Extending techniques to 0.1-10 THz bands for 6G systems could enable terabit-per-
second wireless links.

Reconfigurable Intelligent Surfaces (RIS): Integrating RIS technology with hybrid precoding could create smart
radio environments with 20- 30% coverage improvement.
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