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Abstract
Beyond fifth generation (5G+) communication aims to provide a 3-dimensional ubiq-

uitous network to support high data rates caused by device proliferation. To aid 5G+

communications, three spectrum bands are being investigated: sub-6 GHz, millimeter-

wave (mmWave), and terahertz frequencies. Higher frequency range has the advantage of

increased bandwidth availability, but it also has its own set of challenges such as increased

signal attenuation, reduced cell range, increased computational and hardware complex-

ities, and increased hardware cost. However, substantial research has been conducted

to demonstrate the feasibility of communication at higher frequencies. This dissertation

focuses specifically on mmWave-enabled communications for serving users under dif-

ferent 2-dimensional as well as 3-dimensional network. The number of radio frequency

(RF) chains that can be deployed at a device is a bottleneck in the mmWave range due

to high hardware power consumption and hardware complexity. This, in turn, presents

challenges in designing precoders and combiners, parameter estimation, signal process-

ing, and user scheduling. Therefore, the objective of this dissertation is to investigate and

design energy and spectrally efficient reduced complexity terrestrial and aerial mmWave

communications frameworks/architectures with a limited number of RF chains.

The first topic investigates sectored-cell framework for a 2-dimensional multi-user

terrestrial mmWave communications when the user population exceeds the number of

RF chains available at the gNodeB. This framework is analyzed in the context of a sin-

gle RF chain that serves all sectors of a cell in a round-robin manner with equal sector

sojourn time. The idea is to partition the cell into identical sectors and serve multiple

users simultaneously that fall within each sector at a given epoch using a single steer-

able beam generated from a uniform linear antenna array coupled to an RF chain at the

gNodeB. Consequently, a large number of users are served with a limited number of RF

chains. An optimization problem is formulated for combined resource allocation of or-

thogonal frequency division multiple (OFDM) symbols to users in a sector and sector

beamwidth optimization in order to maximize average long-term user rate and system en-

ergy efficiency. Through simulation results, it is verified that serving multiple users over

orthogonal frequency division multiple access with a single RF chain a sectored cell sys-

tem model achieves better performance than serving single user per RF chain at a time.

Additionally, the effect of localization error on the optimum beamwidth, which results

from position estimation, is also studied.



The second part of the dissertation extends the study of the sectored-cell framework

with a single RF chain to the case of multiple RF chains at gNodeB. Because of its low

complexity, the sub-array based or partially connected hybrid precoder is considered, in

which each RF chain, connected to a separate antenna array, generates one steerable beam.

Notably, the presence of sidelobes causes inter-beam interference when concurrent beams

are generated from multiple RF chains. Therefore, the optimal beamwidth is estimated

while accounting for inter-beam interference and beam squint. Furthermore, an optimal

number of RF chains at the gNodeB is estimated by accounting for power waste in RF

units. A variable time frame structure for the sectored-cell framework is also proposed for

a standalone mmWave communications system with variable transmission time interval

units as short as one OFDM symbol long. The frame structure for enhanced mobile

broadband (eMBB) services is typically made up of slots with a fixed number of OFDM

symbols, and the smallest transmission time interval unit is equivalent to one slot duration,

as defined by the 3rd Generation Partnership Project (3GPP) New Radio (NR) in Release

15. Furthermore, 3GPP guidelines have suggested a separate beam management phase for

the initial gNodeB-user beam pair to establish the best gNodeB-user beam pair to be used

for subsequent data transfer in data transmission mode. During the beam management

phase, narrow beams must scan the area multiple times before granting users channel

access. As a result, using a fixed frame structure along with separate beam management

and data transmission phase causes significant initial access delays. Furthermore, because

beam training overhead is often low for beam search operations, the wideband mmWave

channel is underutilized during the beam training phase. Therefore, a modified sector-

wise initial access procedure is proposed, which offers decreased initial access delay and

increased bandwidth utilization. The proposed variable time frame structure, along with

the modified initial access procedure, offers an improved average and the geometric mean

of long-run user rates, especially in the case of non-homogeneous user distribution in the

area.

The third part of the dissertation studies in detail the effect of beam squint in wideband

mmWave communication. The beam squint effect is caused by the use of a large num-

ber of antenna elements connected per RF chain to generate a narrow beam in order to

overcome high attenuation at mmWaves. The direction of maximum beam gain in beam

squint varies with frequency. Based on this observation, a new reduced complexity joint

OFDM resource allocation and beamforming strategy is proposed, which employs beam

squint to maximize system performance using sub-array hybrid precoder at the transmit-



ter to serve a clustered user population greater than the number of RF chains. Numerical

results demonstrate that the proposed sequence for designing RF precoder, baseband pre-

coder, and subcarrier allocation using beam squint provides a greater increase in spectral

efficiency at mmWaves than at sub-6 GHz.

The fourth part of the dissertation explores the feasibility of using an unmanned aerial

vehicle (UAV) as a fronthaul unit at mmWaves and contrasts its performance with that

at the sub-6 GHz range for ad hoc communication. The ideal user grouping method in a

3-dimensional environment with UAV-assisted mmWave communications is investigated

for a system with a user population much higher than the number of RF chains available at

the UAV. Similar to the analysis of multiple RF chains in terrestrial communication, mul-

tiple users per beam are served employing OFDMA. The optimal number of RF chains at

the UAV is estimated to maximize the sum rate while satisfying minimum user rate spec-

ifications with a given UAV power constraint. Since UAV performance is constrained by

battery size, so it is assumed that the UAV is equipped with a solar panel to harvest solar

energy in order to increase operational hours. The effect of additional weight because of

the solar panel on the performance of the UAV is also analyzed.

Finally, the dissertation’s last part studies the feasibility of using an existing backscat-

ter device infrastructure in an indoor environment to provide data support to an obstructed

user at mmWaves. When in idle mode, the backscatter device is used to reflect the incom-

ing signal to desired direction without modulating the data stream. This analogous to a

distributed reconfigurable intelligent surface (RIS) system in which the tags acts as dis-

tributed RIS in indoor environment. Both users and backscatter devices in the mmWave

range will have multiple antenna elements, increasing the system’s complexity. The chal-

lenge, however, is to estimate the angle’s direction using a single RF chain at the user.

Therefore, a link establishment procedure is proposed that includes estimation of angle

of arrival using the retro-reflective property of the antenna array, beamforming design at

the user, and beamforming at the backscatter devices.



 



सार 
 

 

        पाांचव ां प ढ  (5G+) से परे सांचार का उदे्दश्य 3-आयाम  सववव्याप  प्रदान करना है उपकरण प्रसार 

के कारण उच्च डेटा दर ां का समर्वन करने के लिए नेटवकव । 5G+ क  सहायता के लिए सांचार, त न 

से्पक्ट्र म बैंड क  जाांच क  जा रह  है: उप-6 ग गाहटटवज, लमि म टरवेव (mmWave), और टेराहटटव़ 

फ़्र क्वें स । उच्च आवृलि रेंज का िाभ है बढ  हुई बैंडलवडटर् उपिब्धता, िेलकन इसक  अपन  चुनौलतय ां 

का एक सेट भ  है जैसे लक वृद्धि लसग्नि क्ष णन, कम सेि रेंज, कम्प्यूटेशनि और हाडववेयर जलटिताओां 

में वृद्धि, और हाडववेयर िागत में वृद्धि हुई। हािााँलक, पयावप्त श ध लकया गया है उच्च आवृलिय ां पर 

सांचार क  व्यवहायवता प्रदलशवत करने के लिए। यह श ध प्रबांध लवशेष रूप से अिग-अिग के तहत 

उपय गकतावओां क  सेवा के लिए एमएमवेव-सक्षम सांचार पर ध्यान कें लित करता है 2-आयाम  और सार् 

ह  3-आयाम  नेटवकव । रेलडय  आवृलि क  सांख्या (आरएफ) शृ्ांखिाएां  लजन्हें लडवाइस पर तैनात लकया जा 

सकता है, एमएमवेव रेंज में एक बाधा है उच्च हाडववेयर लबजि  क  खपत और हाडववेयर जलटिता के 

लिए। यह, बदिे में, प्रसु्तत करता है प्र क डर और कां बाइनर लडजाइन करने में चुनौलतयाां, पैराम टर 

अनुमान, लसग्नि प्र सेलसांग, और उपय गकताव शेडू्यलिांग। इसलिए, इस श ध प्रबांध का उदे्दश्य जाांच 

करना है और लडजाइन ऊजाव और वणवक्रम य रूप से कुशि कम जलटिता स्र्ि य और हवाई 

mmWave सांचार ढाांचे/आलकव टेक्चर स लमत सांख्या में आरएफ शृ्ांखिाओां के सार्। 

        पहिा लवषय लि-आयाम  बहु-उपय गकताव के लिए सेक्ट्र-सेि ढाांचे क  जाांच करता है स्र्ि य 

mmWave सांचार जब उपय गकताव जनसांख्या क  सांख्या से अलधक ह  ज एनओड ब  पर उपिब्ध 

आरएफ चेन। इस ढाांचे का लवशे्लषण एक के सांदभव में लकया जाता है आरएफ शृ्ांखिा ज  एक सेि के 

सभ  के्षत् ां क  समान के्षत् के सार् राउांड-रॉलबन तर के से सेवा प्रदान करत  है ठहरने का समय। लवचार 

यह है लक सेि क  समान के्षत् ां में लवभालजत लकया जाए और कई क  सेवा क  जाए एक सार् 

उपय गकताव ज  एक ह  स्ट यरेबि का उपय ग करके लकस  लदए गए युग में प्रते्यक के्षत् में आते हैं पर 

एक आरएफ शृ्ांखिा के लिए युद्धित एक समान रैद्धखक एां ट ना सरण  से उत्पन्न ब म gNodeB. 

नत जतन, बड  सांख्या में उपय गकतावओां क  स लमत सांख्या में आरएफ के सार् सेवा द  जात  है जांज र। 

ऑर्ोग नि के सांयुक्त सांसाधन आवांटन के लिए एक अनुकूिन समस्या तैयार क  जात  है एक सेक्ट्र 

और सेक्ट्र में उपय गकतावओां के लिए फ्र क्वें स  लडव जन मल्ट पि (ओएफड एम) प्रत क औसत 

द र्वकालिक उपय गकताव दर और लसस्टम ऊजाव क  अलधकतम करने के लिए ब मलवडटर् अनुकूिन 

क्षमता। लसमुिेशन पररणाम ां के माध्यम से, यह सत्यालपत लकया जाता है लक कई उपय गकतावओां क  



सेवा प्रदान क  जा रह  है ऑर्ोग नि फ्र क्वें स  लडव जन मल्ट पि एके्सस एक लसांगि आरएफ चेन के 

सार् एक सेक्ट्र सेि लसस्टम मॉडि एक समय में प्रलत आरएफ शृ्ांखिा एकि उपय गकताव क  सेवा से 

बेहतर प्रदशवन प्राप्त करता है। इसके अलतररक्त, इष्टतम ब मलवडटर् पर स्र्ान यकरण तु्लट का प्रभाव, 

लजसके पररणामस्वरूप द्धस्र्लत अनुमान से भ  अध्ययन लकया जाता है। 

        श ध प्रबांध का दूसरा भाग सेक्ट्र-सेि ढाांचे के अध्ययन का लवस्तार करता है gNodeB पर 

एकालधक RF शृ्ांखिाओां के मामिे में एकि RF शृ्ांखिा के सार्। इसके कम ह ने के कारण जलटिता, 

उप-सरण  आधाररत या आांलशक रूप से जुडे हाइलिड प्र क डर क  माना जाता है ज  प्रते्यक आरएफ 

शृ्ांखिा, एक अिग एां ट ना सरण  से जुडा हुआ है, एक स्ट यरेबि ब म उत्पन्न करता है। लवशेष रूप से, 

साइडि ब्स क  उपद्धस्र्लत समवती ब म के दौरान इांटर-ब म हस्तके्षप का कारण बनत  है कई आरएफ 

शृ्ांखिाओां से उत्पन्न ह ते हैं। इसलिए, इष्टतम ब मलवडटर् का अनुमान है इांटर-ब म हस्तके्षप और ब म 

द्धवां ट के लिए िेखाांकन करते समय। इसके अिावा, एक इष्टतम ज एनओड ब  में आरएफ शृ्ांखिाओां 

क  सांख्या का अनुमान आरएफ में लबजि  क  बबावद  के लहसाब से िगाया जाता है इकाइय ां। सेक्ट्र-

सेि ढाांचे के लिए एक पररवतवन य समय स मा सांरचना भ  प्रस्तालवत है पररवतवन य सांचरण समय 

अांतराि के सार् एक स्टैंडअि न एमएमवेव सांचार प्रणाि  इकाइयाां एक ओएफड एम प्रत क लजतन  

छ ट  ह त  हैं। उन्नत म बाइि के लिए फे़्रम सांरचना िॉडबैंड (eMBB) सेवाएां  आमतौर पर लनलित सांख्या 

में OFDM वािे स्लॉट से बन  ह त  हैं प्रत क, और सबसे छ ट  सांचरण समय अांतराि इकाई एक स्लॉट 

अवलध के बराबर है, ररि ज में त सर  जनरेशन पाटवनरलशप प्र जेक्ट् (3GPP) नू्य रेलडय  (NR) िारा 

पररभालषत के रूप में 15. इसके अिावा, 3GPP लदशालनदेश ां ने इसके लिए एक अिग ब म प्रबांधन 

चरण का सुझाव लदया है उपय ग लकए जाने वािे सवोिम gNodeB-उपय गकताव ब म ज ड  क  स्र्ालपत 

करने के लिए प्रारां लभक gNodeB-उपय गकताव ब म ज ड  डेटा टर ाांसलमशन म ड में बाद के डेटा टर ाांसफर 

के लिए। ब म प्रबांधन के दौरान चरण, उपय गकतावओां क  चैनि देने से पहिे सांक णव ब म क  के्षत् क  

कई बार सै्कन करना चालहए पहुाँच। नत जतन, अिग ब म प्रबांधन के सार् एक लनलित फे्रम सांरचना का 

उपय ग करना और डेटा टर ाांसलमशन चरण महत्वपूणव प्रारां लभक पहुाँच लविांब का कारण बनता है। इसके 

अिावा, क् ांलक ब म सचव ऑपरेशांस, वाइडबैंड एमएमवेव के लिए ब म टर ेलनांग ओवरहेड अक्सर कम 

ह ता है ब म प्रलशक्षण चरण के दौरान चैनि का कम उपय ग लकया जाता है। इसलिए, एक सांश लधत 

के्षत्वार प्रारां लभक पहुाँच प्रलक्रया प्रस्तालवत है, ज  प्रारां लभक पहुाँच लविांब क  कम करत  है और बैंडलवडटर् 

उपय ग में वृद्धि। प्रस्तालवत पररवतवन य समय स मा सांरचना, सार् में सांश लधत प्रारां लभक पहुांच प्रलक्रया, 

एक बेहतर औसत और ज्यालमत य माध्य प्रदान करत  है िांब  अवलध क  उपय गकताव दर ां में, लवशेष 



रूप से गैर-सजात य उपय गकताव लवतरण के मामिे में के्षत्। 

        श ध प्रबांध के त सरे भाग में वाइडबैंड में ब म द्धवां ट के प्रभाव का लवस्तार से अध्ययन लकया गया 

है एमएमवेव सांचार। ब म द्धवां ट प्रभाव बड  सांख्या के उपय ग के कारण ह ता है एक सांक णव ब म 

उत्पन्न करने के लिए प्रलत आरएफ शृ्ांखिा से जुडे एां ट ना तत्व ां क  सांख्या mmWaves पर उच्च क्ष णन 

पर काबू पाएां । ब म में अलधकतम ब म िाभ क  लदशा भेंगापन आवृलि के सार् बदिता रहता है। इस 

अवि कन के आधार पर, एक नया कम जलटि ज डओएफड एम सांसाधन आवांटन और ब मफॉलमिंग 

रणन लत प्रस्तालवत है, ज  ब म क  लनय लजत करत  है टर ाांसम टर पर उप-सरण  हाइलिड प्र क डर का 

उपय ग करके लसस्टम प्रदशवन क  अलधकतम करने के लिए भेंगापन आरएफ शृ्ांखिाओां क  सांख्या से 

अलधक सांकुि उपय गकताव आबाद  क  सेवा करने के लिए। नू्यमेररकि पररणाम प्रदलशवत करते हैं लक 

आरएफ प्र क डर, बेसबैंड प्र क डर लडजाइन करने के लिए प्रस्तालवत अनुक्रम, और ब म द्धवां ट का 

उपय ग करते हुए सबकैररयर आवांटन वणवक्रम य में अलधक वृद्धि प्रदान करता है उप -6 ग गाहटटवज क  

तुिना में एमएमवेव्स पर दक्षता। 

        श ध प्रबांध का चौर्ा भाग मानव रलहत हवाई का उपय ग करने क  व्यवहायवता क  पडताि करता 

है mmWaves पर एक फ्रां टहॉि इकाई के रूप में वाहन (यूएव ) और उसके सार् इसके प्रदशवन क  

तुिना करता है तदर्व सांचार के लिए उप-6 ग गाहटटवज रेंज में। ए में आदशव उपय गकताव समूह करण 

लवलध यूएव -समलर्वत एमएमवेव सांचार के सार् 3-आयाम  वातावरण क  जाांच क  जात  है उपिब्ध 

आरएफ शृ्ांखिाओां क  सांख्या क  तुिना में बहुत अलधक उपय गकताव आबाद  वाि  प्रणाि  के लिए 

यूएव । स्र्ि य सांचार में एकालधक आरएफ शृ्ांखिाओां के लवशे्लषण के समान, एकालधक प्रलत ब म 

उपय गकतावओां क  OFDMA लनय लजत लकया जाता है। आरएफ शृ्ांखिाओां क  इष्टतम सांख्या नू्यनतम 

उपय गकताव दर लवलनदेश ां क  सांतुष्ट करते हुए यूएव  क  य ग दर क  अलधकतम करने का अनुमान है 

लकस  लदए गए यूएव  पावर क  कम  के सार्। चूांलक यूएव  का प्रदशवन लववश है बैटर  का आकार, 

इसलिए यह माना जाता है लक यूएव  सौर फसि के लिए सौर पैनि से िैस है पररचािन र्ांटे बढाने के 

लिए ऊजाव। अलतररक्त वजन के प्रभाव के कारण यूएव  के प्रदशवन पर सौर पैनि का भ  लवशे्लषण लकया 

जाता है। 

       अांत में, लनबांध का अांलतम भाग मौजूदा बैकसै्कटर का उपय ग करने क  व्यवहायवता का अध्ययन 

करता है लकस  बालधत क  डेटा समर्वन प्रदान करने के लिए एक इनड र वातावरण में उपकरण 

अवसांरचना एमएमवेव्स पर उपय गकताव। लनद्धिय म ड में ह ने पर, बैकसै्कटर लडवाइस का उपय ग 

इनकलमांग क  दशावने के लिए लकया जाता है डेटा स्टर  म क  सांश लधत लकए लबना वाांलछत लदशा में सांकेत। 



यह ए के अनुरूप है लवतररत पुनलववन्यास य ग्य बुद्धिमान सतह (आरआईएस) प्रणाि  लजसमें टैग 

लवतररत के रूप में कायव करता है इनड र वातावरण में आरआईएस। mmWave में उपय गकताव और 

बैकसै्कटर लडवाइस द न ां रेंज में कई एां टेना तत्व ह ांगे, ज  लसस्टम क  जलटिता क  बढाएां गे। चुनौत , 

हािााँलक, उपय गकताव पर एकि RF शृ्ांखिा का उपय ग करके क ण क  लदशा का अनुमान िगाना है। 

इसलिए, एक लिांक स्र्ापना प्रलक्रया प्रस्तालवत है लजसमें क ण का अनुमान शालमि है ऐने्टना ऐरे के रेटर  -

ररफे्लद्धक्ट्व गुण का उपय ग करते हुए, ब मफॉलमिंग लड़ाइन पर उपय गकताव, और बैकसै्कटर 

उपकरण ां पर ब मफॉलमिंग। 
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Chapter 1

Introduction

1.1 Background

Wireless networks handle more traffic than ever as more people and devices consume

more data. There are two methods to improve the efficiency of wireless communication

networks. The first strategy is to increase the channel’s spectral efficiency, which has al-

ready been extensively researched. The second option is to increase the bandwidth avail-

ability. However, all traffic is congested on the same radio-frequency spectrum bands.

The bandwidth bottleneck at the microwave frequency spectrum has become a driving

factor in investigating higher frequency bands for the beyond fifth generation (5G+) com-

munication wireless networks. The millimeter wave (mmWave) band, which spans 30 to

300 GHz, offers massive bandwidth and has thus been proposed as an essential compo-

nent of the 5G+ technology for providing multi-gigabit indoor and outdoor communica-

tion services. The emergence of the IEEE 802.11ad wireless local area network (WLAN)

standard at 60 GHz [1] demonstrates the viability of indoor implementation of mmWave

communications. The frequency bands proposed for outdoor mmWave communications

are centered at 28 GHz, 38 GHz, 73 GHz, and in the 81–86 GHz range, depending on

considerations of high propagation and penetration losses [2]. Currently, parts of the

mmWave spectrum are mostly used by satellite and radar operators, but their applications

are expanding to medicine, astronomy, meteorology, and communications. Future 5G+

networks will incorporate mmWave technology in conjunction with other 5G+ technolo-

gies such as mobile edge computing, unmanned aerial vehicles (UAVs), reconfigurable

intelligent surfaces (RIS), backscatter communication, and integrated communication and

sensing.
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The 5G+ communication envisions to provide 3D ubiquitous coverage. UAV-assisted

communication integrated with terrestrial communication will play a vital role in deliv-

ering unprecedented coverage. Inherent ease of deployment and freedom of movement

will allow UAVs to act as aerial base stations and aerial relays. A UAV provide a higher

probability for line-of-sight (LoS) links, and can be flexibly deployed cost-effectively

to support high-rate communication for remote areas or emergency situations. This is

especially helpful at mmWaves, where terrestrial communication often suffers complete

blockage of signals from buildings, trees, humans, etc., [3, 4]. The study in [5, 6] con-

ducted ray-tracing simulations using the Wireless Insite tool by Remcom to study the

urban air-to-ground channel for UAVs deployed at low altitudes of 80-120 meters at 28

GHz and observed that coverage improves up to certain altitudes because of better LoS

connectivity that in turn improves the achievable SNR.

In addition, RIS will further provide a cost-effective solution to overcome the draw-

backs of mmWave communications [7]. The RIS can be set to relay mmWave signals

via pencil beams to circumvent obstructions between transmitter and receiver, thereby es-

tablishing a virtual LoS link and enhancing the system’s spectral efficiency at a reduced

capital cost. Another contemporary technology is backscatter communication that will

play a crucial role in the development of smart indoor environments in near future by

connecting low-power wireless devices. By leveraging the existing backscatter infras-

tructure, the performance of an indoor mmWave communication system can be improved

without incurring any extra capital cost.

The later part of this dissertation explores the integration of mmWave with two sig-

nificant technologies, namely UAV and backscatter device as RIS , to provide services to

user equipment (UE) that suffers from the obstruction of their direct link from the serving

gNodeB (gNB).

1.2 Beamforming at mmWaves

Even though mmWave frequency bands have a lot of potential owing to their considerable

bandwidth, the signal path loss at mmWaves is several dB more than legacy sub-6 GHz

bands. Fortunately, the tiny wavelengths of mmWave frequencies allow for the packaging

of a large number of antenna components to be placed in the same area. Thus, multiple

antennas are used to achieve antenna gain to overcome the large path loss [8]. Multiple

antenna technology is a key enabler in implementing effective mmWave communication
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systems. A multiple antenna structure can be designed in numerous ways to achieve var-

ious objectives. The first is to achieve antenna gain, which involves using all antennas

connected to a radio frequency (RF) chain to create a single highly directive beam to im-

prove the signal-to-noise ratio (SNR). This is also known as analog beamforming. An RF

chain typically includes oscillators, a mixer, an analog-to-digital converter (ADC)/digital-

to-analog converter (DAC), filters, and amplifiers. The second objective is to provide

diversity gain by generating multiple low directivity beams that transmit redundant data

streams to improve the bit error rates. The third objective is to provide to provide multi-

plexing gain by generating multiple low directivity beams for simultaneous data streams

to increase spectral efficiency, also known as spatial division multiple access (SDMA). In

legacy sub-6 GHz communication systems, the multiple-input-multiple-output (MIMO)

concept, also called digital beamforming, is employed wherein multiple antennas con-

nected to an equal number of RF chains are used to achieve either diversity gain or multi-

plexing gain [9]. In MIMO technology, the output beam radiation pattern is controlled by

adjusting the angle and magnitude of each antenna’s signals to constructively or destruc-

tively add signals at the desired location.

Utilizing a large number of power-hungry RF chains at mmWaves, as in digital beam-

forming, is not viable. In contrast, analog beamforming utilities a single RF chain, result-

ing in significantly lower power usage. However, it only allows for generating a single

beam, and spatial data stream multiplexing is not possible. Therefore, hybrid beamform-

ing has been presented in the literature as a trade-off between analog and digital beam-

forming. It provides increased spectrum efficiency over analog beamforming by con-

suming less energy than digital beamforming. A hybrid beamformer has NRF RF chains

connected to Nt antenna elements such that Nt ≫ NRF , capable of generating NRF data

streams simultaneously. A survey in [10] discussed various hybrid precoding architec-

tures in indoor and outdoor mmWave communications. A hybrid precoder architecture

can be either a fully-connected type or a partially-connected (also known as a subarray)

type. In fully-connected hybrid precoder architecture, all the Nt antenna elements are

connected to all NRF RF chains using adders. In partially-connected hybrid precoder

architecture, Nt antenna elements are divided into non-overlapping sets, and each set of

antenna elements is connected to a single RF chain [11, 12].

A multi-antenna mmWave communication system requires joint optimization of the

beamformer at the gNB and combiner at UE. Further, in a UAV-assisted mmWave com-

munication system, the UAV serves as a fronthaul unit and is connected via a backhaul
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link to a nearby terrestrial gNB. Therefore, it requires joint optimization of beamforming

designs at the gNB, the UAV, and the UE. On the contrary, in an RIS-assisted mmWave

communication system, the RIS acts as a passive relay. In general, a RIS consists of a

large number of reflecting elements where each element can be reconfigured indepen-

dently of others. Because of the passive nature of RIS, the joint optimization of beam-

forming designs for gNB, UE, and RIS is much more challenging [13].

1.3 Prior Art on Beamforming at mmWaves

The main challenge of hybrid beamforming design is to optimize the system performance

under constraints of reduced RF chains and reduced signaling overhead. Due to complex-

interconnected architecture, the signal processing of a fully-connected hybrid precoder

is difficult, and hence, a partially-connected hybrid precoder is preferred over it [12].

The survey in [10] presented key beamforming techniques to design hybrid precoders

like codebook-based design, compressive sensing-based design, machine learning-based

design, and optimization-based designs. Furthermore, hybrid precoding algorithms have

been optimized for single UE, multi-UE, and MIMO mmWave systems over both wide-

band frequency-selective and narrowband channels. Additionally, several beamforming

concepts have been put forth in the literature for RIS-assisted communication systems

and UAV-assisted mmWave communication systems. Following is a brief overview of the

pertinent literature relevant to this dissertation.

1.3.1 Beamforming in Wideband mmWave System

Most of the prior works on mmWaves consider narrowband channels [11,12,14], whereas

practical mmWave channel is frequency-selective due to large bandwidth and beam squint

effect. For the wideband mmWave channel, the authors in [15] designed a hybrid precoder

using a single-carrier and assigned different numbers of data streams to the UEs equipped

with multiple RF chains. Some of the existing works on multi-user hybrid beamforming

on wideband mmWave channel focused on using spatial division multiple access (SDMA)

and obtained orthogonality on data streams to UEs via joint RF and baseband precoding

schemes based on channel information and correlation. To use wideband channel effec-

tively, in [16], different UEs were multiplexed over different subcarriers of the OFDM

symbol, using a fully-connected hybrid precoder at the gNB. However, each UE data
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stream was modulated using a separate RF chain, hence requiring NRF = M . Similarly,

work in [17, 18] scheduled UEs so as to provide a dedicated beam per UE based on the

assumption of sparse UE distribution.

With the growing number of data-intensive devices, thousands of mobile devices will

be used per square kilometer area. Therefore, serving each UE by a dedicated RF chain

might not be possible as it would significantly increase the hardware cost and power

consumption of the gNB. When M ≫ NRF , to maximize the multi-UE diversity, sub-

optimal SDMA schemes were considered with UE scheduled in the time domain. In [19],

the authors suggested grouping of UEs based on the correlation in angular dimension

using joint spatial division multiplexing (JSDM) algorithm, with data of each UE being

modulated by a separate RF chain. In this algorithm, the baseband-RF precoding of

a hybrid precoder, having each of the NRF RF chains connected to all the Nt antenna

elements (fully-connected structure), was implemented in two stages. However, as stated

in [19], the selection of the number of eigenmodes during pre-beamforming in JSDM is

a non-trivial optimization problem. This approach gets complex with an increased UE

population, as it creates additional inter-group interference (a result of imperfect block

diagonalization). The complexity of grouping M UEs in a pre-beamforming algorithm

at the RF level increases with M as O(M2). Besides high complexity, the selection

of appropriate NRF is itself challenging while keeping hardware cost and power within

budget. A low-complexity selection combining algorithm was proposed in [20] to cater

to high UE density by scheduling only a subset of UEs with good channel conditions in

the time domain. In [21], a subchannel constrained fully-connected hybrid precoding was

designed over OFDM symbol with a limit on the total number of UEs per subcarrier. The

authors assumed a prior UE-subcarrier allocation to jointly design the RF and baseband

precoders. To serve multiple UEs using OFDM, authors in [22] used sparsity-based digital

precoding to jointly estimate subcarrier and hybrid precoder design for a fully-connected

hybrid architecture wherein they used weighted minimum mean squared error (WMMSE)

method to optimize baseband precoder [22].

1.3.2 Beamforming for UAV-assisted Wideband mmWave System

The majority of research work on UAV-assisted communication has been undertaken

in the sub-6 GHz frequencies, covering optimal 3D placement, path planning, channel

modeling, backhaul connectivity, security and privacy challenges, energy limitations, and
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many other [23,24]. However, the sub-6 GHz study cannot be applied to mmWaves since

its channel model, and antenna designs are different [25]. For different UAV heights

and blockage scenarios, the authors in [26] investigated the mmWaves outage probability.

The work in [27] studied UAV as an aerial relay node to provide flexible aerial backhaul

links when the terrestrial links suffer blockages. The work in [28] studied the optimal

placement and orientation of mmWave enabled UAV as a base station so that the users

have guaranteed LoS coverage. In [29], mmWaves enabled UAV was deployed to serve

multiple UE over narrowband channels and the beamformer at UAV was designed such

that each UE gets a dedicated data stream generated from a single RF chain. To overcome

inter-beam interference, the authors in [30] designed hybrid precoder to maximize the rate

of each UE by steering the beam towards its dominant multipath component (MPC) while

maintaining the minimum rate constraint of the rest of the UEs. This approach is feasible

when the number of UEs is not more than the number of RF chains. In a multi-UE sce-

nario, with the number of UEs greater than the number of RF chains available at the UAV,

the work in [31] designed the RF precoder so as to form sectors and served multiple UEs

in each sector employing orthogonal frequency division multiple access (OFDMA). For

this system, the authors studied the sum rate variation as a function of deployment height,

the number of antennas, and backhaul link capacity. In [32], beam space precoding via

discrete lens arrays was analyzed to reduce UAV hardware cost to support a multi-UE

communication at mmWaves.

1.3.3 Beamforming for RIS-assisted Wideband mmWave System

Optimal design of RIS phase shifts is critical for maximizing the RIS performance gain.

A large number of studies has been undertaken for single RIS-assisted and multi-RIS

assisted mmWave communications in variety of scenarios like for terrestrial and aerial

communication for narrowband as well as wideband channel, for coverage extension to a

single or group of aerial or terrestrial UEs in indoor and outdoor communications, among

others [33].

The multi-antenna backscatter devices can be used at mmWaves analogous to dis-

tributed RIS-assisted mmWave communication system, in which the multi-antenna backscat-

ter devices are essentially the same as small sized RISs distributed over an area. Authors

in [34] reported the use of multi-antenna tags for backscatter communication at mmWave

range. A multi-antenna tag, when in idle mode, can be utilized to direct the incoming
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signal from the access point (AP) to the legacy UE by optimizing the coefficients of the

reflecting elements. It is noteworthy that a tag in this scenario just reflects the incoming

signal; it does not modulate the incoming data in any way thereby creating a virtual path

between the AP and UE. The authors in [35] suggested employing backscatter devices

with MIMO systems at sub-6 GHz to create an artificial rich scattering environment. The

results demonstrated enhanced system performance. Furthermore, similar to RIS, the re-

flection coefficient vector of multi-antenna tags can be optimized using CSI or angular

information estimated during beam training [36].

The mmWave channel is sparse in angular domain due to low dispersion at higher

frequencies. This property can be used to overcome high training costs of CSI based RIS

beamforming. A discrete Fourier transform (DFT) codebook was used in [37] to esti-

mate AoA to design RIS beamformer. In [38], RIS beamforming weights were designed

based on the required angle of reflection to serve a UE. It was demonstrated that esti-

mating the phase difference between two RIS elements is sufficient for designing the RIS

beamformer. Moreover, a closed-form expression was derived for phase shift calculation

using only three measurements. The authors in [39], proposed a modified MUSIC based

estimator to estimate AoAs. Random beamforming was proposed in [40], which provides

nearly acceptable long-run performance while requiring no CSI or AoA information.

1.4 Other Beamforming Elements Addressed in This Dis-
sertation

1.4.1 Effect of Wideband mmWave Channel on Beamforming: Beam
Squint

Hybrid beamforming allows spatial channel reuse with a small number of RF chains.

However, in a wideband mmWave channel, the deployment of a large number of antenna

elements to form narrow spatial beams leads to beam squint effect. Different antennas

receive time-delayed copies of the same signal that give rise to beam squint in frequency

domain wideband channels, i.e., different subcarriers (SCs) of the OFDM symbol see

different AoA for the same path. Several works considered mmWave channel employ-

ing OFDM in designing hybrid beamforming precoder, but they did not consider beam

squinting. In [41], RF and baseband precoders were designed for wideband channels us-
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ing OFDM without factoring beam squint effect, i.e., it considered the array response to

be frequency independent. Besides, the authors in [41] suggested allocating the same UE

over the wideband channel by assuming a high correlation among subchannels due to the

sparse nature of the mmWave channel. However, due to the beam-squinting effect of large

antenna arrays and the surrounding environment, this is not always true [42]. Further, in

a sub-array connected hybrid beamformer, it is not possible to design different steering

weight vector of a RF precoder of a sub-array for each subcarrier. It is so because the

signal fed to the antenna sub-array connected to a RF unit is a time domain signal that is

sum of signals over all subcarriers. Hence, current studies on sub-array hybrid precoding

schemes consider that the RF precoder is the same over the whole bandwidth [43].

Most of the hybrid precoder design optimization works focus on optimizing the base-

band precoder to reduce inter-user interference and the number of RF chains as in [42]

where interference beam squint on channel estimation was minimized by optimally de-

signing the zero-forcing precoder. To compensate for the beam squint effect, the authors

in [44, 45] proposed a fully-connected hybrid precoder design in which an RF precoder

common to all subcarriers was constructed using angle-of-departure information, and the

baseband precoder was optimized to compensate for the resulting beam squint effect.

By considering the use of double phase shifter-based architectures, the authors in [46]

proposed the design of frequency-dependent RF precoder/combiner strategies of a fully-

connected hybrid precoder to control beam squint.

1.4.2 Medium Access Control (MAC) Layer Aspects of Beamform-
ing

Besides the implication on the physical layer, the beamforming at mmWaves affects the

MAC layer features as well, like initial access procedure, frame structure, and minimum

transmission time interval (TTI), among others. According to the 3rd Generation Part-

nership Project (3GPP) New Radio (NR), the communication at mmWaves (also referred

to as the FR2 range in 3GPP NR) is divided into two phases- beam training and data

transmission phase. During the beam training phase, the cell area is divided into identi-

cal sectors of angular width equal to half-power beamwidth (HPBW) of the gNB beam,

and the gNB performs initial access (IA) to determine the optimal gNB-UE beam pairs

and to acquire additional UE parameters. The beam training occurs periodically to up-

date channel and UE related information. Several approaches for IA, namely, exhaustive
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Table 1.1: Existing MAC protocols for standalone mmWave systems

References Frame flexibility UE Scheduling IA Limitations

IEEE 802.11ad
[54, 55]

fixed slot boundaries single UE per RF
beam; multiple
UEs scheduled in
spatial and time
domain

hierarchical
search

IA delay increase with narrow
beams at gNB and UE; not suitable
for cellular communications

3GPP NR [52,
56]

flexible uplink (UL)
and DL resource allo-
cation in a slot; fixed
slot boundaries

not specified exhaustive search significant IA delay; bandwidth
under-utilization during beam train-
ing phase

Frame structure
[53]

flexible UL and DL
resource allocation
in a slot; fixed slot
boundaries but flexi-
ble TTI

single UE per RF
beam at a time

exhaustive search variable TTI optimized only for
short packets transmission; ded-
icated TDMA scheduling results
in bandwidth under-utilization; as-
sumes perfect beam alignment

search, hierarchical search, and context-information-based search, have been investigated

in the literature [47–49]. The authors in [50] compared the latency of different combina-

tions of directional beamforming and omnidirectional transmission IA protocols. A multi

RF-chain sub-array technique is proposed in [51] for optimizing hierarchical codebook

using beam widening. Since hierarchical search is better suited for point-to-point indoor

communications, exhaustive brute search is the IA method suggested for 5G NR cellular

scenarios [52]. The authors in [52] presented a survey on 3GPP NR MAC layer design

at mmWave frequencies and studied the implications of its various parameters on IA and

beam training. In [53], the authors proposed directional mmWave communications using

a flexible frame structure based on variable TTI and proved that variable TTI offers var-

ious advantages, such as reduced latency and flexible scheduling. Table 1.1 summarizes

the existing mmWave MAC layer protocols.

1.5 Research Gaps and Problem Identification

1. In a multi-user wideband mmWave communication system, dedicating a data stream

generated from an RF unit to a single UE at a time over a wideband mmWave chan-

nel will lead to high scheduling complexities and poor system performances.

2. Besides, the increasing computational complexity, determining dominant channel

eigenmodes for achieving perfect orthogonality among data streams via joint RF

and baseband becomes more difficult as the user population grows.
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3. Furthermore, the two-phase communication results in under-utilization of wide

mmWave bandwidth as the beam training data is usually very small. Further, in

3GPP NR a slot is proposed to be composed of 14 OFDM symbols for enhanced

mobile broadband (eMBB) applications at the mmWave range [57]. This fixed

frame structure again results in resource under-utilization, specially in beam train-

ing phase, and fairness discrepancies among UEs in the mmWave systems.

4. Considering the above points, what should the best strategy be for providing service

to M ≫ NRF UEs over a wideband mmWave channel, while also taking into ac-

count a variety of factors such as spectral efficiency, energy efficiency, UE fairness,

number of RF chains, computational complexity, beam squint, practical antenna

array radiation pattern, and UE distribution type.

5. There has been little consideration given to selecting an RF precoder that accounts

for beam squint. The few studies that looked into beam squint treated it as inter-

ference and designed RF and baseband precoders to mitigate its effects. However,

we are of the view that rather than treating it as interference, beam squint can be

utilized to improve the spectral efficiency of the system.

6. The power dissipation from numerous RF chains operating at mmWaves is a prob-

lem for energy-constrained UAVs in particular. This necessitates investigation into

the optimal number of RF chains to be deployed at UAVs while taking into account

practical antenna array radiation patterns and inter-beam interference and optimal

UE grouping strategy to serve a large UE population.

7. In indoor environment, the idea of using multi-antenna tags, acting as distributed

RIS, to serve obstructed UE over using a fixed RIS placed at a fixed position to

serve the obstructed UE needs to be analyzed.

8. In an RIS-assisted system, the computational complexity of RIS beamforming with

SVD increases exponentially with the channel matrix size. In addition, predicting

the cascaded CSI is challenging and expensive due to the need to estimate every

channel characteristic, including AoAs and propagation path gain products. Fur-

ther, estimating AoA using MUSIC in AoA-based RIS beamforming is inefficient,

especially for small devices that can have maximum 4 RF chains at mmWaves (as

given in 3GPP NR specifications). Therefore, reduced complexity beamforming

designs with RF chain constraints must be investigated.
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In this dissertation, the above mentioned research gaps are addressed by investigat-

ing and proposing low complexity system frameworks to efficiently utilize the wideband

mmWave channel, with Chapter 2 and Chapter 3 delving into the first four gaps and of-

fering a sectored cell-framework as a solution to efficiently serve a large user population

over the wideband mmWave channel. Chapter 4 analyzes the fourth research gap and

presents a joint RF, baseband, and subcarrier allocation strategy that cleverly leverages

beam squint. In Chapter 5, the sixth research gap is tackled, and a comprehensive opti-

mization of the performance of a solar power UAV-assisted mmWave communication is

presented. Finally, Chapter 6 addresses the last two research gaps by proposing a low-

power and low-complexity alternative to enhance the performance of blocked users in

indoor environments, utilizing passive RIS.

Thus, it is envisaged that the insights provided in this dissertation will aid in designing

and improving the physical and MAC layer aspects of mmWave communication systems

for future 5G+ networks.

1.6 Organization

Rest of the dissertation is organized in the following chapters:

Chapter 2 - Optimal Beamforming with Single Beam for Multi-user Wideband mmWave
Communications: This chapter proposes a sectored-cell framework to serve multiple

UEs with a single RF chain generating a steerable beam. Depending on user density

and distribution, the optimal beamwidth for a sub-array hybrid precoder in sectored-cell

framework is estimated for different scenarios to provide minimum rate support to all

users across the wideband mmWave channel.

Chapter 3 -Multi-RF Beamforming for Multi-user Wideband mmWave Communi-
cations: In this chapter the analysis of sectored-cell framework is extended to the case

of multiple concurrent beams generated using sub-array hybrid precoder. The analysis

considers the inter-beam interference from sidelobes of concurrently active beams. The

optimal beamwidth and optimal number of beams are estimated jointly for achieving

maximum average long-run user rate of homogeneously distributed UEs. Additionally, a

variable time frame structure is presented that conducts sector-wise IA using an analog

beam, with simultaneous access to all users within a sector while improving fairness of
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long-run user rates in non-homogeneously distributed UEs as well.

Chapter 4 - Joint Beamforming and Subcarrier Allocation with Beam Squint in
Wideband mmWave Communication Systems: In wideband mmWave communica-

tions, the design of RF precoder and subcarrier allocation are intertwined. Based on this

observation, this chapter proposes a sub-array hybrid precoder design wherein first RF

precoder and subcarrier allocation are designed jointly leveraging beam squint and fol-

lowing that the baseband precoder is designed by transforming weighted sum-rate maxi-

mization into WMMSE optimization problem.

Chapter 5 - Sustainable UAV-assisted Multi-user Wideband mmWave Communica-
tions: This chapter studies the feasibility of using UAVs at mmWaves deployed at low

altitudes to serve a user population higher than the number of RF chains available at the

UAV. Optimal UE clustering method and optimal number of beams at UAV are estimated

for energy sustainable UAV operation. Further, the battery capacity and solar panel are

jointly optimized for the solar-powered UAV.

Chapter 6 - Reduced Complexity Beamforming for RIS-assisted Indoor mmWave
Communications: This chapter discusses RIS-assisted mmWave communication for in-

door mmWave communication using backscatter devices as distributed RIS. An AoA

estimator using single RF chain at UE is proposed and then RIS (or backscatter devices)

and UE beamformers are designed using estimated AoAs.

Chapter 7 - Concluding Remarks and Future Directions: This chapter outlines the

key contributions of this dissertation and discusses potential future research directions.



Chapter 2

Optimal Beamforming with Single
Beam for Multi-user Wideband
mmWave Communications

2.1 Introduction

With increasing density of data-hungry devices per unit area, allocating single highly-

directed beam per user in millimeter-wave communications is not practical. Therefore

there is a need to model a system of lower complexity that can provide reliable and fair

services while optimally serving multiple users over a single beam and optimally utilizing

the available resources in mmWave multi-user cellular communications. As mentioned

earlier, analog beamforming offers the most economical and reduced complexity designs;

coupled with scheduling capabilities, it can provide satisfactory Quality-of-Service (QoS)

to the UEs with high energy efficiency at the gNB. The limitation of analog beamforming

is that only a single beam per RF chain can be generated, and spatial data stream multi-

plexing is not possible. To this end we observe that, recent technological advancements

have made it possible to switch and steer the beam of phased antenna arrays within neg-

ligible time (order of a few nanoseconds), thus making it possible to schedule angularly-

apart UEs in the time domain using a single narrow beam.

For an analog beam, the authors in [2] surveyed several codebook designs and op-

timization techniques to find optimum beamwidth with reduced protocol overhead in a

two-level exhaustive beam search procedure and also to reduce transmitter-receiver beam

misalignment. However, these optimization problems target only indoor communication
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where single UE is served per RF chain, which is feasible only for small indoor popula-

tion [58]. The performance of such schemes degrades in outdoor mmWave communica-

tion with high user density.

Another notable point is that most of the mmWave research focus on improving data

rates and overcoming blockage effects through enhanced SNR (or radiated power density)

by increasing transmit beamforming gain. For example, the approach in [59] estimates the

optimal beamwidth that provides increased signal strength at the UE to overcome block-

age effects. But increased power density causes elevated radiation hazard in the environ-

ment. The Federal Communications Commission (FCC) guidelines have defined limits on

peak equivalent isotropically radiated power (EIRP) for communication over mmWaves

to ensure health safety [60]. Accordingly, we are motivated to study the mmWave system

performance while maintaining the same radiation level in the cell.

In this chapter, we consider a 2-dimensional (2-D) scenario where a single analog

beam serves a cell in a time-multiplexed fashion while keeping the EIRP level same in

the cell, invariant of the antenna gain. The cell is sectorized into S similar disjoint sectors

based on HPBW Θ of the analog beam. S decreases with increasing Θ, and vice versa.

We aim to find optimal sectorization scheme S∗ instead of optimal beamwidthΘ∗ because

of mathematical convenience. The beam sweeps the area in either clockwise or counter-

clockwise direction. As Θ decreases, the total transmit power required to cover the same

cell range per sector decreases, and the channel spatial reuse factor of the cell increases,

whereas the time delay between the next schedule of each sector increases. Unlike in [19],

the complexity of UE grouping algorithm in this model is independent of UE population.

In the proposed scheme, multiple UEs are served simultaneously using OFDM in a single

time slot per RF chain. Depending on UE density and distribution, a smaller value of Θ

may result in certain sectors having no UEs at all. In that case, the total cell sweep time

can be reduced by not scheduling those sectors, thereby saving transmit energy. We ask

the following question: What should be the optimum width of transmitted signal beam to

cater to a specific UE distribution while jointly maximizing the average long-run UE data

rate and energy efficiency of the gNB?

To the best of our knowledge, this mmWave system behaviour has not been studied in

the literature. Moreover, with huge bandwidth availability in mmWaves, employing time

division multiple access scheduling to angularly spreaded UEs with large fixed time slots

(e.g., 1 ms) may not be efficient [53]. We note that, in FCC guidelines, 5G systems can

have variable-duration transmission units according to services and applications context.
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Thus, it is also worth studying the effect of variable scheduling based on different factors,

such as UE distribution and channel conditions, on system performance.

Additionally, UE localization using global positioning system (GPS) in conventional

cellular communication has an error range in meters. Such high error is not tolerable

in mmWaves employing directional beams. In mmWaves there are various localization

methods, such as ray tracing, exhaustive beam searching, and RF-based ranging meth-

ods. The ray tracing method requires detailed surrounding and multipath components

information, whereas exhaustive searching entails a large beam training data. The com-

plexities of both these methods are proportional to the number of antenna elements at

the gNB and the UE. Two most popular localization methods in mmWaves are AoA and

time-of-arrival (ToA) [61]. Localization accuracy in mmWaves outdoor scenarios, with

large antenna array at the gNB, single antenna at the UE, and line-of-sight paths using

AoA and ToA methods, were studied in [62, 63]. It was shown in [63] that use of ex-

tended Kalman filtering can achieve sub-meter accuracy even for mobile devices. In [62]

it was noted that, for static UEs with transmit beamforming, the position estimation error

is inversely proportional to antenna array size. Along this line, with analog beamform-

ing at gNB, keeping EIRP constant irrespective of beamwidth, the effect of localization

might have some role in deciding the optimal sector beamwidth in downlink mmWave

communications. This is also an aspect of investigation in this chapter.

2.1.1 Contribution

Key contributions of this chapter are as follows:

a) A prototype employing a single analog beam to cater to the outdoor UE popula-

tion in wideband mmWave communications using a sectored-cell with time multi-

plexing approach is proposed ans analyzed. A narrow beam of optimally-chosen

beamwidth, generated from an RF chain, serves multiple UEs during the beam so-

journ time using the OFDMA scheme, as opposed to single UE per beam in the

existing literature. The effect of channel frequency selectivity along with the mini-

mum QoS requirements of each UE is considered in performance evaluation. As an

extension, a comparison between a single beam system and multiple beams system

is also studied; it is noted that while transmission over multiple analog beams may

achieve a higher average long-run UE rate with respect to the single analog beam

system, it is always at the cost of reduced gNB energy efficiency.
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b) An optimization problem is formulated to find the optimum sectorization scheme

for the single analog beam system that maximizes the average long-run UE rate

(average of all UEs’ rates with each UE rate averaged over cell sweep time) and

gNB energy efficiency. It is observed that a Pareto optimal trade-off exists between

average long-run UE rate and gNB energy efficiency.

c) A method of reduced complexity is proposed to estimate optimal sectorization

scheme for average long-run UE rate maximization for a given UE population.

d) For catering to non-homogeneous UE distribution using single beam, a variable-

time scheduling per sector is formulated. The studies reveal that, for non-uniformly

distributed UEs, variable time scheduling scheme provides considerably improved

performance in terms of maximum achievable average long-run UE rate as well as

gNB energy efficiency.

e) Lower bounds on UE position estimation error is derived for analog beamforming

using a practical antenna radiation pattern of the array. The impact of position error

on the optimal beamwidth selection is also investigated.

2.1.2 Chapter Organization

The remaining chapter is organized as follows. System model is presented in Section

2.2. Sector sum rate maximization and optimum sector beamwidth optimization problem

along with analysis are presented in Section 2.3. Simulation results are presented in

Section 2.4, and the chapter is summarized in Section 2.5.

2.2 System Model

Consider a 2-D multi-user outdoor cellular scenario as shown in Fig. 2.1. Let there be a

gNB with one RF unit and M UEs {x1, x2, ..., xM}, distributed over a cell. Each UE xi

has a distribution according to some probability function Q(·) in R2. Let S be a set; its

elements denote the total number of sectors S in a cell when it is sectorized into equal

and identical regions of angular widthΘ, i.e, S = {S|S = ⌈2π/Θ⌉,Θmin ≤ Θ ≤ Θmax}.
Let s denote the index of a particular sector, i.e., s = {1, . . . ,S} when the total number

of sectors is S ∈ S . Then, the probability of finding a UE in the sth sector of a given

sectorization S ∈ S scheme given by Q(s) [64]. In case of uniform UE distribution, the
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Figure 2.1: Pictorial representation of a 2-D single cell with 20 independent and uniformly dis-

tributed UEs, served by a single analog beam in two consecutive epochs when the cell sectorization

scheme is S = 12 sectors. Here, sector S8 and S11 do not have any UEs.

probability of finding a UE in a sector is Q(s) = 1/S for s = 1, . . . ,S. To model non-

uniform UE distribution a cell is divided intoZ identically wide zones with the probability

of distribution of each UE in the zth zone being pz, such that
∑Z

z=1 pz = 1.

2.2.1 mmWave Channel Model

In this chapter UEs are considered to be equipped with a single omnidirectional antenna,

i.e., Nr = 1 and gNB has a ULA consisting of Nt identical isotropic antenna elements

connected to an RF chain. The maximum ULA gain is at steering angle ϕ = 0o and is

equal to Gt = NtG0, where G0 is single antenna element gain. The beam gain Gt is

assumed constant and equal to maximum gain within the sector and zero outside [58].

The HPBW of a beam is Θ ≈ 2/N radians, that divides the cell into S = ⌈2π/Θ⌉
similar disjoint sectors. Let Ptot be the total transmit power available at the gNB. EIRP

(= PtotG0) of the BS is kept constant so that the cell coverage is static irrespective of the

beam directivity. Therefore, to maintain the same SNR at UE at a distance d, the transmit

power requirement in a sector of Θ HPBW is calculated as:

Pt =
EIRP
Gt

=
Ptot

Nt

. (2.1)

At mmWave frequencies there exists either a LoS link or NLoS link between UE and

gNB due to large difference in attenuation of first order and higher order signals. The

probability of a link being in LoS for kth UE at distance dk from gNB is expressed as

Pr(dk) = min(d1/dk, 1)(1− e−dk/d2) + e−dk/d2 , (2.2)
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where d1 = 18 and d2 = 36. Additionally, the path loss for LoS and NLoS link are

obtained as [65]

PLLOS(dk) = 61.4 + 20log10(dk) +N (0, 33.64) [dB]

PLNLOS(dk) = 72.0 + 29.2log10(dk) +N (0, 75.69) [dB].
(2.3)

Therefore, for the kth UE, at a distance dk from gNB the pathloss PLk is expressed as

PLk =

Pr(dk)10PLLOS(dk)/10, LOS

(1− Pr(dk))10PLNLOS(dk)/10, NLOS.
(2.4)

Let γn,k be a parameter that denotes the combined channel state and location informa-

tion of the kth UE, at a distance dk, over the nth subcarrier, which is expressed as:

γn,k =
GtGr|hn,k|2PLk

N0B/Nc

. (2.5)

Here, Nc is the total number of subcarriers from Gt and Gr are respectively transmitter

and receiver antenna gain, N0 is the noise power spectral density, B is the total channel

bandwidth, hn,k is small scale channel parameters of kth UE over nth subcarrier that is

Rician distributed for LoS path and Rayleigh distributed for NLoS path.

Thus, the data rate rn,k for the kth UE over the nth subcarrier is

rn,k =
B

Nc

log2(1 + Pn,kγn,k), (2.6)

where Pn,k is the power of kth UE over nth subcarrier. In order to perform water-filling

over the subcarriers, perfect channel knowledge of all UEs is considered at the gNB.

2.3 Problem Formulation and Analysis

This section describes the problem formulation for optimal sectorization scheme S∗ (or

optimal sector beamwidth Θ∗) in a cell under different scenarios. Firstly, we estimate

S∗ that maximizes the average long-run UE rate and gNB energy efficiency, assuming

perfect UE location knowledge at the gNB. Next, when the gNB has only an estimated

position of the UEs using analog beamforming, we derive a lower bound on localization

error and incorporate it to find S∗.
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2.3.1 Optimal Sectorization Scheme with Perfect UE Location Infor-
mation

Here we present the steps involved in estimating S∗ for the model described in Section

2.2. For a sectorization scheme, S ∈ S each of the sectors has a full channel for its use.

Hence, the sum rate of a sector during its schedule time, i.e., instantaneous sum rate, can

be maximized independently. Consequently, the problem of finding optimal beamwidth

can be divided into two parts. First, for a given value of S, we find the instantaneous sum

rate for all of the active sectors (sectors with at least one UE) independently. After that,

using an exhaustive search over all sectorization schemes S ∈ S , we estimate S∗ that

maximizes the average long-run UE rate and gNB energy efficiency. Further, we provide

a reduced complexity method that estimates a sub-optimal sectorization scheme Ŝ∗ for a

given UE population without exhaustive search.

2.3.1.1 Instantaneous Sum Rate Maximization per Sector

Instantaneous sum rate maximization problem using OFDM in sth sector of a sectoriza-

tion scheme S ∈ S, with minimum instantaneous rate constraint R0 per UE (except for

the UEs in outage) and maximum available transmit power Pt (given by (2.1)), is formu-

lated as:

(P1) : max
πn,k,Pn,k

Ks∑
k=1

Nc∑
n=1

rn,kπn,k

s.t. C11 :
Ks∑
k=1

πn,k ≤ 1, ∀n; C12 :
Nc∑
n=1

rn,kπn,k ≥ R0, ∀k

C13 : πn,k ∈ (0, 1), ∀n, k; C14 :
Ks∑
k=1

Nc∑
n=1

Pn,k ≤ Pt; C15 : Pn,k ≥ 0, ∀n, k

(2.7)

where the UE−subcarrier association variable πn,k = 1 if kth UE assigned nth subcarrier;

0 otherwise. The resources are allocated only to Ks ⊆ K ′
s UEs that are not in complete

outage. Here, K ′
s is the set of UEs falling in the sth sector such that

⋃
s∈S K

′
s = M . We

define kth UE to be in outage if max
n∈Nc

{γn,k} < γth. Here, γth is the threshold channel state

value, k = 1, 2, · · · ,Ks.

P1 jointly allocates subcarriers and power to maximize the achievable sum rate and is

a mixed-integer non-convex programming problem. Such problems are Non-deterministic
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Polynomial time (NP)-hard and not computationally efficient. The Lagrangian of P1 is

formulated as:

L(πn,k,Pn,k, η̄k, λ̄) =
Ks∑
k=1

Nc∑
n=1

rn,kπn,k +
Ks∑
k=1

η̄k

(
Nc∑
n=1

rn,kπn,k −R0

)
− λ̄

(
Ks∑
k=1

Nc∑
n=1

Pn,k −Pt

)

=
Nc∑
n=1

Ks∑
k=1

(
rn,kπn,k (1 + η̄k)− λ̄Pn,k

)
−

Ks∑
k=1

η̄kR0 + λ̄Pt

=
Nc∑
n=1

Ln

(
πn,k,Pn,k, η̄k, λ̄

)
−

Ks∑
k=1

η̄kR0 + λ̄Pt

(2.8)

where λ̄ is the Lagrange multiplier for power constraint C14 and η̄k ∀k are the Lagrange

multipliers for rate constraint C12. In order not to violate complementary slackness con-

dition λ̄ ≥ 0, η̄k ≥ 0 ∀k. The binary variable constraints C11,C13, and positive power

constraint C15 are not included into the Lagrangian formulation to circumvent unneces-

sary complexity but are considered at later stage. This method will not alter the solution.

Further, the optimization problem satisfies the time-sharing condition [66]. Hence, the

duality gap is zero, i.e., the dual function solution is same as the primal function solution.

The Lagrangian dual function is:

g(η̄k, λ̄) = max
πn,k,Pn,k

L(πn,k,Pn,k, η̄k, λ̄)

s.t. : C11,C13,C15.
(2.9)

The above equation can be decomposed into the following Nc independent problems as:

g′(η̄k, λ̄) = max
Pn,k

Ln(πn,k,Pn,k, η̄k, λ̄)

s.t. : C15.
(2.10)

Assuming kth UE is active on nth subcarrier, (2.10) reduces to

g′(η̄k, λ̄) = max
Pn,k

πn,k
B(1 + η̄k)

Nc

log2(1 + Pn,kγn,k)− λ̄Pn,k

s.t. : C15.

(2.11)

(2.11) is concave in Pn,k. Hence by Karush-Kuhn-Tucker (KKT) condition the solution

to optimal power allocation P ′
n,k is:

∂Ln(πn,k,Pn,k, η̄k, λ̄)

∂Pn,k

=
(B/Nc)πn,kγn,k(1 + η̄k)

(ln2)(1 + Pn,kγn,k)
− λ̄ = 0. (2.12)
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Incorporating the constraint C15, from (2.12) we have

P ′
n,k =

[
(B/Nc)πn,k(1 + η̄∗k)

(ln2)λ̄∗
− 1

γn,k

]+
(2.13)

where [x]+ = max(x, 0), λ̄∗ is the optimal dual variable corresponding to power con-

straint, and η̄∗k is the optimal dual variable corresponding to minimum rate constraint of

the kth UE.

The Lagrangian variables are updated using sub-gradient based approach [67] as fol-

lows:

λ̄(i+1) =

[
λ̄(i) − ϵ̄(i)

(
Pt −

∑
k

∑
n

P ∗
n,k

)]+

η̄
(i+1)
k =

[
η̄
(i)
k − ϵ̄

(i)

(∑
n

π∗
n,krn,k −R0

)]+
∀k

(2.14)

where ϵ̄(i) is the step size at ith iteration and is chosen according to the constant step

size policy, independent of iteration number. Update of η̄k ensures the minimum rate

constraint. Finally, the UE−subcarrier combination is selected that offers the maximum

sum rate while satisfying minimum rate constraint of all the UEs.

Proposed sub-optimal algorithm: The above exhaustive search method requires the

execution of water-filling algorithm for at leastKNc
s times. To address this, we convert the

optimization problem P1 into a sub-optimal problem of lower complexity, leveraging the

fact that sum rate maximization incurs a negligible penalty when only channel adaptive

subcarrier allocation is performed [68]. The steps involved in sub-optimum optimization

approach are:

(i) To reduce complexity at a starting resource allocation step, we divide the total trans-

mit power Pt equally among all the subcarriers, i.e., if πn,k = 1 then Pn,k = Pt/Nc.

(ii) Initially we allocate each subcarrier to a UE with the best channel condition without

considering the rate constraints C12 [68]. Hence, the initial optimal UE–subcarrier

association to the nth subcarrier is found as k′(n) = argmax
k

rn,k.

(iii) Subcarrier allocation from step (ii) does not satisfy the constraint C12. Therefore,

we carry out the subcarrier allocation on a user-by-user basis for all UEs to sat-

isfy the minimum rate constraints (unless they are in complete outage) using cost

function approach [68]:

cn,k =
(rn,k′(n) − rn,k)

rn,k
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where k′(n) is the user that is initially assigned to nth subcarrier from step (ii).

The cost function is proportional to the reduction in overall sum rate. For kth UE

that does not satisfy the constraint C12, the ñth subcarrier assigned to meet its

minimum rate requirements is found as ñ = argmin
n

cn,k. Further, during sub-

carrier reallocation the ñth subcarrier that was initially associated to k′(ñ)th UE

should not be reallocated to another UE if this reallocation violates the minimum

rate constraint of the original UE, i.e., ñth subcarrier is not allocated to kth UE if

R(k′)− rñ,k′ < R0, where R(k′) =
∑Nc

n=1 πn,k′rn,k′ .

Remark 2.1. P1 has a feasible solution if Ks ≤ Nc and the value of R0 is appropriately

chosen. In case Ks > Nc the subcarriers are assigned to only Nc UEs having best

channel conditions among Ks UEs, with minimum rate requirement fulfilment of only Nc

UEs while the remaining Ks−Nc UEs will be considered in outage in that cycle of sector

sweep.

Remark 2.2. When the value of Ks is very low, the subcarrier allocation algorithm does

not utilize the channel capacity to its maximum, as there may be some subcarriers that

are not assigned to any UE due to deep fade. When the Ks increases, the probability of a

subcarrier being in deep fade simultaneously for all the UEs decreases, thereby increas-

ing overall sum rate (channel utilization). However, when the value of Ks is sufficiently

high, assigning a subcarrier to a UE whose rate constraint was not satisfied earlier (from

step (ii)), instead of the UE with best channel gain over the subcarrier, leads to a decrease

in overall sum rate.

(iv) During UE–subcarrier assignment in steps (ii) and (iii), equal power allocation per

subcarrier is considered, as given in step (i). Hence, in order not to violate min-

imum rate constraints of UEs while executing water-filling, each UE is offered a

share of total transmit power proportional to the number subcarriers assigned to

it. Therefore, the problem of power assignment to UEs further reduces to solving

power allocation to each UE over its set of assigned subcarriers, independent of

other UEs. Hence, the power assignment optimization of kth UE over its assigned

set of subcarriers Ωk (step (iii)) is expressed as:

(P2) :max
Pn,k

∑
n∈Ωk

rn,k

s.t. C21 :
∑
n∈Ωk

Pn,k ≤
|Ωk|Pt

Nc

; C22 : Pn,k ≥ 0,∀n ∈ Ωk.
(2.15)
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The Lagrangian of P2 is formulated as:

Lk({Pn,k}∀n∈Ωk
,λk) =

∑
n∈Ωk

rn,k − λk
∑
n∈Ωk

(
Pn,k −

|Ωk|Pt

Nc

)
(2.16)

where λk is the dual variable associated with maximum power constraint C21.

Since (2.16) is concave in Pn,k, from KKT conditions it follows:

∂Lk({Pn,k}∀n∈Ωk
,λk)

∂Pn,k

=
(B/Nc)πn,kγn,k

ln2(1 + Pn,kγn,k)
− λk = 0

P ∗
n,k =

[
(B/Nc)πn,k

ln2λ∗k
− 1

γn,k

]+ (2.17)

where λ∗k is the optimal dual variable corresponding to power constraint of the kth

UE and is found using sub-gradient method with sufficiently small constant step

size ϵ̂, given as:

λ
(i+1)
k =

[
λ
(i)
k − ϵ̂

(i)

(
|Ωk|Pt

Nc

−
∑
k

∑
n

P ∗
n,k

)]+
. (2.18)

Steps (i) to (iv) solve the original constrained problem in a sub-optimum way. The

optimal solution ofP1 is an upper bound on the sub-optimum solution obtained usingP2.

Both the solutions show similar behaviour on varying parameters, which we have verified

via simulation in Section 2.4. Thus, to calculate the instantaneous rate of all the UEs in

the active sectors sub-optimum approach is used that significantly reduces computation

complexity.

Remark 2.3. In this chapter, S∗ is estimated by comparing system performance over

all sectorization schemes S ∈ S, which is a relative analysis. Hence, the qualitative

nature of the solution of P1 is of more interest than its quantitative nature. Therefore, the

instantaneous rate allocation can be done with other resource allocation techniques as

well.

2.3.1.2 Sector Beamwidth Optimization

We use the average long-run UE rate to evaluate the QoS of the system from UE’s per-

spective. Let ts be the time spent by the beam in sth sector and Rk,s be the instantaneous

rate of kth UE in the sth sector during beam sojourn time ts of the sectorization scheme



24
Optimal Beamforming with Single Beam for Multi-user Wideband mmWave

Communications

S ∈ S . Also, let SI(S) = {s|Ks ̸= 0, ∀s ∈ {1, . . . ,S}} denote the support of s of a

particular S ∈ S. Then long-run data rate R̂k,s of kth UE in sth sector is:

R̂k,s =
Rk,sts∑
s∈SI(S)

ts
. (2.19)

Hence, the average of long-run UE rate in sectorization scheme S is:

R̄(S) =
1

M

∑
s∈SI(S)

Ks∑
k=1

R̂k,s. (2.20)

Solving for the optimal resource allocation for sum rate maximization with rate con-

straints result in non-uniform rate distribution among the UEs. Therefore, we use Jain’s

fairness index [69] to characterize fairness of the long-run UE rate distribution. In general

it is defined as:

J(S) =
1

M

(
∑j=M

j=1 R̂j)
2∑j=M

j=1 (R̂j)2
(2.21)

where R̂j is the long-run UE rate of jth UE. Another parameter of interest is the energy

efficiency at gNB achieved by a particular sectorization scheme S ∈ S. Energy efficiency

is defined as the ratio of total number of bits transmitted to the total energy consumed in

transmitting those bits. For a sectorization scheme S, it is given as:

Ē(S) =

∑
s∈SI(S)

∑Ks

k=1(Rk,sts)∑
s∈SI(S)

(
∑Nc

n=1

∑Ks

k=1 Pn,kts)
. (2.22)

To find S∗ that maximizes R̄ and Ē, the multi-objective optimization problem (MOP)

is expressed as:

(P3) MOP : argmax
S∈S

[R̄(S) Ē(S)]. (2.23)

Both average long-run UE rate R̄ and gNB energy efficiency Ē are functions of S. It

is possible that the two objectives are of conflicting nature, i.e., in choosing the optimal

sectorization scheme S∗, there exists a trade-off between Ē and R̄. In such a situation the

solution to MOP problem consists of a complete set of dominated solutions, known as the

Pareto Set.

Definition: A decision vector S∗ ∈ S is Pareto-optimal if there exists no other feasible

decision vector S̃ ∈ S that dominates S∗, i.e., S∗ is strictly better than S̃ in all objectives.

In order to find Pareto-optimal points, we use single-objective optimization problem

(SOP) approach [70] for a given R̄ (i.e., fixing the value of one of the objectives) as shown
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below:

(P4) SOP(R̄) : argmax
S∈S

Ē(S). (2.24)

For a given value of R̄, let S∗ be an optimal solution of P4, with corresponding objec-

tive value Ē∗. Then S∗ is a Pareto-optimal solution to MOP. This process is repeated for

different values of R̄, and thus a set of Pareto optimal (R̄, Ē∗) combinations is achieved.

Proposed reduced-complexity method: The method discussed so far performs ex-

haustive search over all S ∈ S in order to determine the optimal number of sectors S∗

that maximizes average long-run UE rate for a given UE population. This procedure

needs to be re-executed if the UE population changes. To reduce online computation

requirements, we propose a reduced-complexity method for estimating sub-optimal Ŝ∗

that achieves maximum average long-run UE rate without having to solve the complete

optimization problem when the UE population changes.

In fixed time scheduling, let t1 = t2 = · · · = tS = T , then total cell sweep time is∑
s∈SI(S)

ts = T × |SI(S)|. From (2.19) and (2.20), average long-run UE rate is:

R̄(S) =

∑
s∈SI(S)

∑Ks

k=1Rk,sts

M
∑

s∈SI(S)
ts

=

∑
s∈SI(S)

∑Ks

k=1Rk,sts

M × T × |SI(S)|
. (2.25)

Since it is assumed that a given value of S ∈ S partitions the cell into identical disjoint

sectors, the resource allocation of a sector is independent of other. Another notable point

is that the individual sector’s sum rate is a function of the number of UEs Ks present in

sth sector (see Remark 2.2) and of sectorization scheme S (because of variation of path

loss with Θ).

Let for a sectorization scheme S ∈ S and M uniformly distributed UEs, each active

sector has Ks ≈ M/|SI(S)| UEs with corresponding sector sum rate Rsum during T .

Then, (2.25) can be approximated as:

R̄(S) ≈ |SI(S)| ×Rsum × T
M × T × |SI(S)|

=
Rsum

M
. (2.26)

Hence, maximization of the average long-run UE rate is essentially to maximize the

sum rate of each sector for a given UE population. To maximizeRsum we need to solve the

optimization problem P1 for 1 ≤ Ks ≤ Nc. But P1 is an NP-hard problem. Therefore,

we solve it in a sub-optimum way as described in Section 2.3.1.1. Thereafter, to find sub-

optimal sectorization scheme Ŝ∗ with reduced complexity method, we use a dictionary

based approach. In this, a dictionary containing the sector sum rates corresponding to all
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combinations of sectorization schemes and the number of UEs in a sector is pre-calculated

at gNB using the statistical channel and UE distribution. The dictionary is then used to

directly find Ŝ∗ for any given UE population.

The maximum number of UEs supported per sector is equal to the number of subcar-

riers. Let the dictionary Rsum be a matrix of sector sum rates with dimensions equal to

|S|×Nc. Hence,Rsum(S,Ks) corresponds to the sum rate when the sectorization scheme

is S and number of UEs in a sector is Ks. Once Rsum is known, Ŝ∗ for M uniformly

distributed UEs is found as:

Ŝ∗ = argmax
S∈S

Rsum

(
S,
⌈M
S

⌉)
. (2.27)

Similarly, maximization of average long-run UE rate with non-uniformly distributed

UEs is synonymous to maximizing throughput of the highest populated zone which is the

driving factor of the overall cell throughput. So, in case of M non-uniformly distributed

UEs Ŝ∗ is found as:

Ŝ∗ = argmax
S∈S

Rsum

(
S,
⌈Mpmax

S/Z

⌉)
(2.28)

whereZ is the total number of zones in a cell, and pmax = max
z
{pz}where z = 1, 2 . . . ,Z.

2.3.1.3 Variable Time Scheduling

To account for the possibility of non-uniform UE distribution in a cell we study two

scheduling schemes, namely, fixed time scheduling and variable time scheduling. In fixed

time scheduling, ts = T if Ks ̸= 0; 0 otherwise. In variable time scheduling, the schedule

time ts of each active sector is a function of the number of UEs in the that sector, i.e., ts ∝
Ks

α, where α is the shaping parameter that governs the nature of scheduling time. α = 0

corresponds to a fixed time scheduling scheme. Besides, we observe that as Θ decreases

the number of UEs located within a sector decreases. Also, the spatial frequency reuse

factor of the cell is improved. As a result, UEs benefit from spatial multiplexing gain

which provides improved fairness among UEs.

Lemma 1: For a fixed α and Ks ≤ Nc, Jain’s fairness index J is an increasing func-

tion of S, when resource allocation is performed using sum rate maximization approach.

Proof: Given in the Appendix A.

We consider fairness index of fixed time scheduling scheme Jα0(S
∗) at α = α0 = 0

as a benchmark for the variable time scheduling. Here, S∗ is the optimal sectorization

scheme such that S∗ = argmax
S∈S

R̄α0(S). Thus, the benchmark of the maximum average
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Algorithm 2.1 αR search algorithm
1: Input: Rk,s ∀S ∈ S
2: Output: αR

3: Initialize: j = 1,αR = α0 = 0, δ̂ = 0.1

4: Find: S∗ = argmax
S∈S

R̄α0(S), R̄opt ← R̄α0(S
∗)

5: while αj = αj−1 + δ̂ do
6: Compute: R̄αj

(S), Jαj
(S), Ēαj

(S) ∀S
7: if Jαj

(S = 360) < Jα0(S
∗) then

8: break; (Stopping condition)

9: end if
10: for i = S∗ : 360 do
11: if Jαj

(i) ≥ Jα0(S
∗) & R̄αj

(i) > R̄opt & Ēαj
(i) ≥ Ēα0(S

∗) then
12: αR = αj, R̄opt = R̄αj

(i),S ′∗ = i

13: end if
14: end for
15: increment j

16: end while

long-run UE rate and energy efficiency are R̄α0(S
∗) and Ēα0(S

∗), respectively. Algorithm

2.1 and algorithm 2.2 find the optimum shaping parameter αR and αE that maximizes

the average long-run UE rate and energy efficiency, respectively, without compromising

on fairness achieved with fixed scheduling scheme at S∗. Let S ′∗ and S ′′∗ be the optimal

sectorization scheme at αR obtained using algorithm 2.1 and αE obtained using algorithm

2.2, respectively.

The input to the Algorithm 2.1 is the instantaneous rate Rk,s of all UEs, obtained

in Section III-A1; R̄α(S), Jα(S), and Ēα(S) are calculated using the relation ts ∝ Kα
s

in (2.20), (2.21), and (2.22), respectively for all possible sectorization schemes S ∈ S.

Next, a counter j is initialized with a suitable step size δ̂. For the jth iteration, we search

for αR (if any) such that R̄αR
(S ′∗) > R̄α0(S

∗) while maintaining the required condi-

tions JαR
(S ′∗) ≥ Jα0(S

∗) and ĒαR
(S ′∗) ≥ Ēα0(S

∗). The iteration continues to incre-

ment αj and update αR till a stopping condition is met (as given in the algorithms). The

stopping condition is explained as follows. When α is sufficiently high, variable time

scheduling scheme allocates more time to the sectors with high value Ks and nearly zero

time to sparsely populated sectors, thus degrading the fairness, i.e., Jα(S) < Jα0(S)
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Algorithm 2.2 αE search algorithm
1: Input:Rk,s ∀S ∈ S
2: Output:αE

3: Initialize: j = 1,αE = α0 = 0, δ̂ = 0.1

4: Find: S∗ = argmax
S∈S

R̄α0(S), Ēopt = Ēα0(S
∗)

5: while αj = αj−1 + δ̂ do
6: Compute: Ēαj

(S), Jαj
(S), R̄αj

(S) ∀S
7: if Jαj

(S = 360) < Jα0(S
∗) then

8: break; (Stopping condition)

9: end if
10: for i = S∗ : 360 do
11: if Jαj

(i) ≥ Jα0(S
∗) & Ēαj

(i) > Ēopt & R̄αj
(i) ≥ R̄α0(S

∗) then
12: αE = αj, Ēopt = Ēαj

(i),S ′′∗ = i

13: end if
14: end for
15: increment j

16: end while

∀S. However, from Lemma 1 we know that for a fixed value of α the fairness in-

dex Jα(S) ≥ Jα(S
∗) for S > S∗. Combining the above two deductions, the feasi-

ble search region of αR, given a benchmark fairness index, is given by the condition

Jα(S = 360) ≥ Jα(S
′∗) ≥ Jα0(S

∗) (we take the maximum possible number of sectors

S = 360). Therefore, during the search for αR in Algorithm 1 we keep incrementing αj

till we have Jαj
(S = 360) ≥ Jα0(S

∗); otherwise the optimal shape parameter search al-

gorithm stops. Similarly, Algorithm 2.2 describes the steps to find the shaping parameter

αE that maximizes gNB energy efficiency without compromising on the average long-run

UE rate and the fairness achieved using fixed scheduling at S∗.

Remark 2.4. In uniform UE distribution, difference in the values of Ks is minimal, i.e.,

its variance is nearly zero. Thus, the scheduled time of each sector is approximately the

same and is equivalent to the fixed time scheduling scheme. In contrast, the variance of

Ks is significant for non-uniformly distributed UEs within the cell.
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2.3.2 Optimal Sectorization Scheme with Estimated UE Position In-
formation

In the above study, we assumed that gain of the beam within a sector is NtG0 and zero

outside. In practice, the array factor vector of a broadside ULA with half wavelength

spacing is [71]:

a(θ) =
1√
Nt

[1 ejkd̄ sin(θ) . . . ej(Nt−1)kd̄ sin(θ)]T , s.t. ∥a(θ)∥2 = 1 (2.29)

where d̄ is the spacing between antenna elements, θ is the angle deviation from the direc-

tion of maximum array gain, and kd̄ = π is the uniform phase shift between two antenna

elements. Thus, the resulting gain pattern of the ULA with the array factor given by (2.29)

at an angle θ is:

Gt(θ) = Nt

∣∣∣∣∣
[
1

Nt

sin(Ntπ
2

sin(θ))

sin(π
2
sin(θ))

]∣∣∣∣∣
2

, for − π ≤ θ ≤ π (2.30)

with first null beamwidth (FNBW) of the broadside ULA beingΘ = 2
[
π
2
− cos−1 (2/Nt)

]
.

The derivation of ULA gain is provided in Appendix B.

The position estimation is assumed to be performed at UEs that are continuously lis-

tening to the channel for pilot symbols spread over the entire OFDM symbol bandwidth.

This data is then reported back to the gNB. Also, we assume perfect time synchronization

between the transmitter and receiver. We define effective AoA (EAoA), denoted by Ψ , as

Figure 2.2: (a) Pictorial representation of true position X and estimated position X′ of a UE along

with the actual beam coverage region considering practical radiation pattern. (b) Demonstration

of EAoA of the UE; Ψ is the true EAoA and Ψe is the estimated EAoA with respect to sector 2,

whereas Ψa is the true EAoA of UE with respect to sector 1.
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the effective angle of signal arrival at the UE with respect to the beam steering direction

of the serving sector. As a result, γn,k given by (2.5) is a function of EAoA as well, in

addition to distance d from gNB, i.e.,

γn,k(Ψ) =
Gt(Ψ)Gr|hn,k|2PLk

N0B/Nc

(2.31)

This parameter is used at gNB for resource allocation purpose as described in Section

2.3.1.1. Due to error in angle estimation, the estimated EAoA of UE at gNB is Ψe, with

|Ψ −Ψe| ≥ 0, as shown in Fig. 2. Therefore, γn,k(Ψe) of kth UE over nth subcarrier is the

effective channel and location parameter at gNB, while γn,k(Ψ) being the original value.

The UE position information variables are d and Ψ . Let τ be the time-of-flight of

signal from gNB to UE. In case of a noiseless ideal channel and Gr = 1, using ToA

and AoA methods, (d,Ψ) are jointly estimated from the equations: τ = d/c, and Pr =

P Pilot
t G(Ψ)/(4πd/λ)2, where c is the speed of light, P Pilot

t is the known transmitted pilot

signal power, and Pr is the received power at distance d and angle Ψ . In case of a fading

and noisy channel, there will be error in position estimation. At UE, we estimate the

position-related parameters Ψ and τ from LoS received signal only, assuming no NLoS

components are received. The channel gain βm, for m = 1, 2 . . . ,N , for a UE with Ψ

EAoA and corresponding a(Ψ) unit norm array response (given by (2.29)) is nearly same

for all its elements, i.e., βm ≈ β. Then the channel vector is:

h =
√
Ntβe

−j2πfcτaH(Ψ). (2.32)

At the gNB, OFDM signal x is multiplied by array factor precoding vector a(ϕ),

where ϕ is ULA steering direction relative to the direction of maximum antenna gain.

Since the transmitted power of the OFDM symbol with N transmitting antennas is Pt, the

received signal is:

y =
√
Ntβe

−j2πfcτaH(Ψ)s+ ν (2.33)

where s = a(ϕ)x is the transmitted signal with E[sHs] = Pt, β = Eh

[
h
√

(d0/d)l

(4πd0/λ)2

]
, h

is small scale fading parameter of each subcarrier of OFDM symbol, d0 is the reference

distance, l is the LoS path loss exponent, and ν is the noise with distribution N (0,σ2).

Here, other than τ and Ψ all other parameters are known apriori. Let Γ = [τ Ψ ]T ∈
R2×1 denote the vector of unknown channel parameters. We define Γ̂ = [τe Ψe]

T to be an

unbiased estimator of Γ , where τe and Ψe are unbiased estimator of ToA and EAoA (Fig.

2). Also, let G denote the number of transmissions required for UE position estimation
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using narrow beams. Then the lower bound on position error variance with unbiased

estimator Γ̂ is provided by the Cramér-Rao Lower Bound (CRLB) [72] as:

var(Γ̂ − Γ ) ≥ −
[
EY|Γ

(
∂2logf(Y|Γ )
∂Γ∂Γ T

)]−1

≡ (F(Γ ))−1 (2.34)

where Y = [y1, . . . , yG]T , EY|Γ [·] denotes parametrized expectation function for Γ ,

f(Y|Γ ) is the conditional likelihood of Y given Γ , and F(Γ ) is the Fisher Information

Matrix (FIM).

Lemma 2: The FIM for the received signal is given as:

F(Γ ) =
1

N0B

G∑
g=1

Re(∇yg∇Hyg). (2.35)

Proof: Given in Appendix C.

Here Re(·) denotes real part operator, and ∇yg is gradient of yg with respect to Γ ,

given as:

∇yg =

[
−j2πfc

√
Ntβ exp (−j2πfcτ)aH(Ψ)a(ϕ)xg

−j2πd̄
λ

cosΨ
√
Ntβ exp (−j2πfcτ)aH(Ψ)Λa(ϕ)xg

]
. (2.36)

Λ = diag[0 1 . . . (Nt − 1)]. We assume that the gNB has a separate ULA for each sector

and the beam in each sector is steered in the direction of its maximum antenna gain, i.e.,

ϕ = 0o. Then, F(Γ ) is given by (2.37).

The CRLBs κ(τ) and κ(Ψ) for τ and Ψ respectively are the diagonal elements of

the CRLB matrix κ(Γ ) where κ(Γ ) = (F(Γ ))−1. The position error bound (PEB) is

expressed as the square root of the addition of diagonal elements of κ(Γ ) as [73]:

PEB =
√

[(F(Γ ))−1]1,1 + [(F(Γ ))−1]2,2 =
√
κ(Ψ) + κ(τ) (2.38)

where

κ(Ψ) =
N0B/(GPt)

(2πd̄
λ
)2cos2(Ψ)β2

[∑Nt−1
nt=0 n

2
t −

(∑Nt−1
nt=0 nt

)2
/Nt

]
κ(τ) =

N0B

GPt

Nt

∑Nt−1
nt=0 n

2
t

(2πfc)2β2

[∑Nt−1
nt=0 n

2
t −

(∑Nt−1
nt=0 nt

)2
/Nt

] . (2.39)

F(Γ ) =
GPt

N0B

[
(2πfc)

2β2Nt (2πfc)(
2πd̄
λ
)β2cos(Ψ)

∑Nt−1
nt=0 nt

(2πfc)(
2πd̄
λ
)β2cos(Ψ)

∑Nt−1
nt=0 nt (2πd̄

λ
)2cos2(Ψ)β2

∑Nt−1
nt=0 n

2
t

]
(2.37)
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Since 1/fc ≪ 1, CRLB κ(τ)≪ κ(Ψ). Hence, for d̄ = λ/2, we have

PEB ≈
√
κ(Ψ)

=

√
N0B/(GPt)

hλ
4d0

(d0
d
)l/2cos(Ψ)

[∑Nt−1
nt=0 n

2
t −

(∑Nt−1
nt=0 nt

)2
/Nt

]1/2 . (2.40)

Let the error in EAoA is ψ = (Ψ − Ψe) (Fig. 2). Upper bound on the variance of

ψ is quite complex to derive. Nevertheless, we can find the distribution of ψ using PEB

assuming very low SNR at cell edge in the worst case, as stated below.

Lemma 3: The distribution of localization error ψ of an UE having EAoA Ψ and

HPBW Θ with respect to sth sector is given as:

Prob(|ψ| ≤ ϵ) =

[
1− κ(Ψ)

ϵ2

]
. (2.41)

Proof: Using Chebyshev’s inequality we have

Prob(|ψ| ≥ ϵ) ≤
[

variance(ψ)
ϵ2

]
=
κ(Ψ)

ϵ2
as the CRLB.

⇒ Prob(|ψ| ≤ ϵ) =

[
1− κ(Ψ)

ϵ2

]
, for − Θ

2
≤ Ψ ≤ Θ

2
.

2.3.3 Complexity analysis

2.3.3.1 Subcarrier and Power Allocation

The joint subcarrier–power allocation with minimum UE rate constraint problem P1 is

a mixed integer NP-hard problem. For a system with Ks UEs and Nc subcarriers, P1
has KsNc variables, atleast Ks +Nc constraints, total UE–subcarrier KNc

s combinations,

and KNc
s comparisons. For power allocation per UE–subcarrier combination, complex-

ity is O(KsNclog2Nc). Thus, the complexity of solving P1 using exhaustive search is

O(KNc
s (KsNclog2Nc)).

On the other hand, sub-optimum approach (Steps (i) through (iv)) is computationally

less complex. It requires KsNc comparisons in Step (ii), at most (Ks − 1)Nc multiplica-

tions and (Ks − 1)Nc summations in Step (iii) to compute cost functions, approximately

2N2
c comparisons for subcarrier reallocation, and in the worst case Nclog2Nc power allo-

cation computations in Step (iv). Hence, the overall complexity of sub-optimal approach

is reduced to O(N2
c ).
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2.3.3.2 Sectorization

To find the average long-run UE rate with total number of sectors S in the worst case

scenario of all sectors being active, approximately S(3KsNc+2N2
c +Nclog2Nc) compu-

tations are required. Therefore, to find S∗ in fixed time scheduling scheme an exhaustive

search over ∀S ∈ S is performed. As a result, the worst case complexity to estimate S∗

is O(|S|SN2
c ), where S can have the maximum value of 360 for Θ = 1o. In variable

time scheduling, if ηitr iterations are required to find α, then the worst case complexity is

O(ηitr|S|SN2
c ).

2.3.3.3 Reduced-complexity Method

In reduced complexity method, subcarrier allocation is the same as in P1, but it is com-

puted for only one sector per sectorization scheme to form the dictionary at gNB, which

is updated only when channel statistics change. Accordingly, the complexity reduces to

O(|S|N2
c ). Further, to find Ŝ∗ for a given UE population, maximum |S|Nc comparisons

are needed.

2.4 Simulation Results and Discussion

In this section, we present the numerical simulation results generated using MATLAB

with varying system configurations. For the simulation set-up, we consider a system

operating at 60 GHz carrier frequency with B = 1 GHz bandwidth, and Nc = 30 subcar-

riers. We vary the beamwidth in the range 1o ≤ Θ ≤ 30o in steps of 1o. Various other

channel and system parameters considered are: Rician fading parameter = 8 dB [74],

EIRP = 52 dBm, G0 = 5 dBi, cell radius = 200 m, R0 = 10 Mbps, noise spectral density

N0 = −174 dBm/Hz, ζLoS = 15, ζNLoS = 45, and outage SNR threshold = −6 dB. We

execute the simulations broadly for two cases: firstly considering no localization error

for the two scheduling schemes, namely, fixed time and variable time scheduling, and

secondly considering localization error with fixed time scheduling.
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Figure 2.3: Sector sum rate versus number of UEs plot for optimal and sub-optimal resource

allocation techniques.

2.4.1 Optimal sectorization scheme with perfect UE location infor-
mation

2.4.1.1 Sub-optimum Resource Allocation per Sector

Due to the NP-hard nature of P1, per-sector resource allocation is performed in a sub-

optimal way that maximizes the sector’s instantaneous sum rate while satisfying mini-

mum rate constraints. Fig. 2.3 compares per-sector sum rate achieved using optimal re-

source allocation and using sub-optimal method for different values of Ks, using Monte-

Carlo simulations. As the computation time for a single Monte-Carlo iteration in optimal

resource allocation is of order KNc
s , to perform simulations in this case we took Nc = 8

and B = 250 MHz while keeping the other parameters same as described above. Form

Fig. 2.3 we observe that both resource allocation schemes show a similar trend on varying

Ks, where the optimal solution gives an upper bound.

2.4.1.2 Fixed Time Scheduling

With decreasing sector beamwidth, the same frequency band can be used in the cell more

often, thereby increasing the spatial reuse factor. For a fixed UE population, although a

narrower beam provides the benefit of increased cell spatial reuse factor, Fig. 2.4(a) shows

that a narrow beam does not necessarily result in maximization of the average long-run

UE rate R̄. The decrease in R̄ is due to two reasons: (i) with a beam serving very few

UEs, the channel utilization is not efficient (Remark 2.2), and (ii) total delay between the

next schedule of each sector increases with more cell partitions.

Suppose S∗
R is the optimal sectorization scheme which offers maximum R̄ without

gNB energy optimization constraint. Fig. 2.4(a) shows that there exists an S∗
R corre-

sponding to Θmin ≤ Θ∗ ≤ Θmax, for which R̄ is maximized. Moreover, the optimal
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Figure 2.4: (a) Average long-run UE rate versus total number of sectors plot for uniformly dis-

tributed UE population; (b) gNB energy efficiency versus total number of sectors plot for uni-

formly distributed UE population. (c) Pareto front for average long-run UE rate and gNB energy

efficiency optimization.

sector beamwidth gets narrower with increasing UE density. Fig. 2.4(b) demonstrates

that Ē is nearly proportional to cell sectorization, which is because a higher spatial reuse

factor increases the cell sum-throughput with minimal increase in transmit energy re-

quirement for one complete cell sweep duration. From combined observations of Fig.

2.4(a) and 2.4(b), we conclude that for S ≥ S∗
R a Pareto front exists between Ē and R̄

as captured in Fig. 2.4(c). For instance, for M = 200 with corresponding S∗
R = 22, a

Pareto optimal condition between R̄ and Ē is observed in Fig. 2.4(c) over the range of

S = [22, 360]. Thus, the sectorization schemes S < S∗
R are not optimal either from R̄ or

from Ē point of view.

Reduced complexity method: For R̄ maximization, as discussed in Section 2.3.1.2,

we estimate the sub-optimal sectorization scheme Ŝ∗, at which maximum R̄ is achieved,

with a considerably reduced number of computations. For this, we generate the dictionary

Rsum at the gNB using Monte-Carlo simulations. Fig. 2.5(a) shows the dependency of

sector sum rate on Ks and S. Fig. 2.5(b) shows comparison of the sub-optimal Ŝ∗ with

the optimal S∗. We observe that with the reduced complexity method Ŝ∗ is nearly affine

with UE population (below M = 50, S = 12, since maximum beamwidth possible is

30o) for Θmin ≤ Θ∗ ≤ Θmax. Moreover, Ŝ∗ is quite close to S∗. There is an error in

estimation |S∗ − Ŝ∗| because we construct the dictionary Rsum by using statistical UE

and channel distribution, and approximation in (2.26), whereas in estimation of S∗ we

use UE instantaneous channel state information. Thus, we can get quite close results with

much reduced complexity as compared to exhaustive search method, and the update in
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Figure 2.5: (a) Plot of sum rate per sector versus number of UEs in the sector for three differ-

ent sectorization schemes. (b) Comparison of optimal S∗ obtained through exhaustive search

method and sub-optimal Ŝ∗ obtained using reduced complexity search method for uniform and

non-uniform UE distribution.

the dictionary is required only when statistical channel parameters change.

2.4.1.3 Variable Time Scheduling

We simulate non-uniform UE distribution by dividing the cell into 6 zones, i.e., Z = 6

with pz vector for the zones being [0.9, 0.05, 0.03, 0.01, 0.008, 0.002]. As described in

Section III-A3, we consider fixed time scheduling scheme as a benchmark for variable

time scheduling scheme. Thereafter, we use Algorithm 1 and Algorithm 2 to find the

optimal shaping parameter αR and αE , respectively, for improved performance over fixed

scheduling. Fig. 2.6(a) illustrates that there exits a non-zero αR that offers a higher value

of average long-run UE rate R̄αR
(S ′∗) compared to fixed scheduling scheme R̄α0(S

∗),

such that ĒαR
(S ′∗) ≥ Ēα0(S

∗) and JαR
(S ′∗) ≥ Jα0(S

∗) (as shown in Fig. 2.6(a)).

Similarly, a non-zero αE exists that offers an increased energy efficiency attainable

ĒαE
(S ′′∗) as compared to energy efficiency achieved using fixed scheduling scheme Ēα0(S

∗),

such that R̄αE
(S ′′∗) ≥ R̄α0(S

∗) and JαE
(S ′′∗) ≥ Jα0(S

∗) (as shown in Fig. 2.6(b)). We

also note from the simulation results that αE ≥ αR. For example, for M = 200 non-

uniformly distributed UEs, the fixed scheduling scheme has S∗ = 95,α = 0, R̄α0(S
∗) =

12.58 Mbps, and Ēα0(S
∗) = 2.13 Gb/J. With variable time scheduling the performance

is improved. At the value of α equal to αR = 0.7 a value of R̄αR
(S ′∗) = 14.79 Mbps is

achieved at S ′∗ = 120. If the shaping parameter is set to α = αE = 1.4 with S ′′∗ = 150,

we get gain in gNB energy efficiency, i.e, ĒαE
(S ′′∗) = 3.44 Gb/J.
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Figure 2.6: Improvement in of R̄ and Ē using variable time scheduling scheme over fixed time

scheduling scheme. (a) shows the improvement in maximum achievable average long-run UE rate

for different UE population, using variable time scheduling scheme with [α = αR,S = S′∗] over

fixed time scheduling scheme at [α = α0,S = S∗]; and (b) shows the improvement in maximum

achievable gNB energy efficiency using variable time scheduling scheme with [α = αE ,S = S′′∗]

over fixed time scheduling scheme at [α = α0,S = S∗].

2.4.2 Optimal Sectorization Scheme with Estimated UE Position In-
formation

Due to localization error some UEs that are wrongly detected to be in another sector will

experience different EAoA (increased EAoA). Since in practical scenario beam gain has

a fan shaped pattern given by (2.30), gain falls sharply outside HPBW and the UEs lying

in this area will be the main attribute for the decrease in average long-run UE rate R̄ (if

any). Thus, the effect of localization error on the R̄ is mainly attributed by the UEs that

are wrongly detected to be in another sector.

In the simulations, we generate the localization error for each UE using the distribu-

tion given by (2.41) and the antenna gain at Ψ EAoA using (2.30). Since we have the

knowledge of only lower bounds on variance of the estimator, to study worst-case sce-

nario we carry out simulations assuming G = 2 and minimum SNR requirement at cell

edge to be −6 dB. The result in Fig. 2.7(a) illustrates a decrease in PEB with increas-

ing sector partitions. The PEB obtained from our simulation is of increased magnitude as

compared to the work in [62]. The reason being that the increase in SNR (due to enhanced

beam directivity) is nullified by reduced transmit power, thereby keeping SNR invariant

of beamwidth.

We compare the simulation results of three cases: (a) ideal case of resource allocation

without localization error and constant beam gain within the sector (G = NG0), (b)
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Figure 2.7: (a) Position error bound of Ψe versus number of sectors in worst-case scenario. PEBa

is the PEB obtained using (2.40); PEBb is the PEB achieved in [62]. (b) Percentage of UEs lying

in the beam overlapping region due to localization error.

resource allocation with no localization error but angle-dependent beam gain (given by

(2.30)), and (c) resource allocation with localization error (given by (2.41)) along with

angle-dependent beam gain (given by (2.30)). Fig. 2.8(a) and 2.8(b) show that, though

R̄ in case (b) is of reduced magnitude as compared to R̄ in case (a), the nature of R̄ as

a function of S is same for both. Moreover, in case (c) R̄ further degrades slightly with

localization error. However, S∗ remains invariant.

From the results in Fig. 2.4(a) we noted that, on increasing M , Θ∗ shifts to a smaller

value; thus Ks in a sector is such that it maximizes the sector sum rate. Moreover, our

insight is that with reducing HPBW the beam overlapping region shrinks. We omit the
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Figure 2.8: Average long-run UE rate versus total number of sectors plot for (a) 1000

UEs uniformly distributed in the cell, and (b) 500 UEs non-uniformly distributed in the

cell with probability of distribution of UEs in a 6 non-overlapping zones of the being

[0.9, 0.05, 0.03, 0.01, 0.008, 0.002].
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related mathematics for brevity. Consequently, the percentage of UEs falling in the over-

lapping region due to localization error is very small. To verify this claim in Fig. 2.7(b)

we plotted the percentage of UEs falling in beam overlapping area for different sets of

(M ,S∗(M)). The figure verifies that the population in the overlapping region due to er-

roneous position estimation is less than 10% even for M as high as 1000. Therefore,

the optimal number of sectors remains unchanged. Similar behaviour is observed with

non-uniformly distributed UEs as well.

Further, from Fig. 2.8(a) and 2.8(b) we observe that the graphs have convex behaviour

till some S, after which they show concavity. This is explained as follows: (i) When

{S ∈ S|Ks ≫ Nc}, the subcarriers in a sector are assigned to only Nc out of Ks UEs

that have best channel conditions, such that the minimum rate requirement is fulfilled for

only Nc UEs. In addition to this, the cell sweep time is of very short duration for small

S. (ii) When {S ∈ S|Ks > Nc}, the subcarriers are still assigned to only Nc out of

Ks UEs having best channel conditions. However, with decreasing domain size Ks, the

chances of the majority of UEs having good channel conditions reduces. Further sweep

time also increases with S. As a result, it decreases the average long-run UE rate. (iii)

When {S ∈ S|Ks ≤ Nc}, all the UEs are allocated subcarrier such that the total sum

rate is maximized with a minimum rate guarantee to all UEs. Although cell sweep time

is still increasing, the gain in the instantaneous UEs rate outweighs the increased sweep

duration effect. Therefore, the sector sum rate begins to improve, resulting in the concave

nature of the average long-run UE rate curve.

2.5 Summary

In this chapter the performance of cellular communication at wideband mmWave fre-

quencies serving UEs using a single analog beam from one RF chain in conjunction with

scheduling operation such that radiation levels in the environment are maintained constant

has been studied. The proposed sectored-cell system model employs a spatial multiplex-

ing approach and aims to serve more than one UE during the beam sojourn time. It has

been noted that, although a narrow beam provides increased channel spatial reuse, it does

not necessarily result in an increased average long-run UE data rate. Therefore, to cater to

a specific UE population, an optimal sector beamwidth is required that maximizes the av-

erage long-run UE rate and improves QoS such that the gNB transmit power requirement

is also reduced. From the gNB perspective, it is always optimal to use the narrowest pos-
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sible beamwidth. Hence, a Pareto front exists on average long-run UE rate maximization

and gNB energy efficiency. Furthermore, the proposed reduced-complexity method has

provided an insight that channel utilization is maximum when it has an optimum number

of UEs to serve over the wideband channel. Therefore, with increasing UE population, if

the number of sectors in a cell is maintained such that each sector operates at its optimum

channel usage, then the highest average long-run UE rate can be achieved.

Further, it has been observed that, in the case of non-uniformly distributed UEs, the

variable time scheduling scheme can further improve the average long-run UE rate and

gNB energy efficiency as compared to fixed time scheduling. The results have shown

that non-uniform UE distribution corresponds to shifting to a narrower beam with the

increasing variance of UE distribution. Further, studies by accounting for the localiza-

tion uncertainty have revealed that, in a static UE scenario, though localization error

reduces average long-run UE data rate, optimal sector beamwidth selection remains unaf-

fected, even for non-uniformly distributed UEs. The analysis of single analog beam with

sectored-cell multiplexing has been extended to the case of multiple concurrent beams

serving the cell in the Chapter 3.

Appendices for Chapter 2

A. Proof of Lemma 1

Lemma 1: For a fixed α and Ks ≤ Nc, Jain’s fairness index J is an increasing function

of S, when resource allocation is performed using sum rate maximization approach.

Proof: Suppose there are 1 < m ≤ Nc UEs in sth sector, such that the instantaneous rate

of UEs is r1, r2, · · · , rm. Let α = 0 and ts = 1 unit. Then by (2.21), we have

J(S) =
1

m

(
r1
S
+ · · ·+ rm

S

)2((
r1
S

)2
+ · · ·+

(
rm
S

)2) =
1

m

(r1 + · · ·+ rm)
2

(r12 + · · ·+ rm2)
=

1

m

x2

y
(say).

Now suppose the sectorization scheme is changed to S̃ = S + 1 with UEs position in the

cell unchanged. This results in redistribution of UEs among the sectors. With increasing

number of sectors the degree of spatial multiplexing increases, leading to increased in-

stantaneous sum rate of the UEs. Let us consider that due to redistribution one of the UEs

falls into another sector while other m− 1 UEs still remain together in one sector. Let the
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increment in instantaneous rate of the mth UE falling into another sector be δ. Therefore,

J(S̃) =
1

m

(r1 + · · ·+ rm + δ)2

(r21 + · · ·+ (rm + δ)2)
=

1

m

(x+ δ)2

(y + δ2 + 2δrm)

≥ 1

m

(x+ δ)2 − (δ2 + 2δrm)

(y + δ2 + 2δrm)− (δ2 + 2δrm)
(since 0 ≤ J(S) ≤ 1)

=
1

m

(x2 + 2δ(r1 + · · ·+ rm−1))

y
≥ 1

m

x2

y
.

Hence, J(S̃) ≥ J(S), i.e, J(S) is an increasing function of S.

B. Derivation of Array Gain

Gt(θ) = Nt

∣∣∣∣∣
[
1

Nt

sin(Ntπ
2

sin(θ))

sin(π
2
sin(θ))

]∣∣∣∣∣
2

, for − π ≤ θ ≤ π (B.1)

Proof: Gain of an broadside ULA, with 100% efficiency, with respect to angle of depar-

ture θ of a signal from direction of maximum array gain is given as [71]

Gt(θ) =
4π|AF (θ)|2∫ 2π

0

∫ π

0
|AF (θ)|2 sin θ dθ dϕ̂

where AF (θ) is the normalized antenna array factor. For zero phase difference excitation

and half wavelength antenna spacing, it is given as [71]

AF (θ) = |a(θ)|2 = 1

Nt

[
sin(Ntπ

2
sin θ)

sin(π
2
sin θ)

]
.

Let V =

∫ π

0

|AF (θ)|2 sin θ dθ =
∫ π

0

∣∣∣∣∣ sin(Ntπ
2

sin θ)

Nt sin(
π
2
sin θ)

∣∣∣∣∣
2

sinθ dθ.

Suppose ω = 0.5π cos θ, then we have

V =
2

N2
t π

∫ π/2

−π/2

∣∣∣∣sin(Ntω)

sin(ω)

∣∣∣∣2 dω. (B.2)

Since,
sin(Ntω)

sin(ω)
=
ejNtω − e−jNtω

ejω − e−jω
=

ejω

ejNtω

e2jNtω − 1

e2jω − 1
= e−j(Nt−1)ω

Nt−1∑
k=0

e2jkω.

By Fourier series expansion,

+∞∑
k=−∞

ake
jkω =

sin(Ntω)

sin(ω)
= e−j(Nt−1)ω

Nt−1∑
k=0

e2jkω
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with only Nt non-zero coefficient of unity magnitude. Therefore, by Parseval’s Identity

we have

1

2π

∫ π

−π

|f(x)|2 dx =
∞∑

k=−∞

|ak|2 = Nt.

Hence, (B.2) can be solved as: V = (2/N2
t π)(1/2)

∫ π

−π

∣∣∣ sinNtω

sin ϕ̂

∣∣∣2 dω = 2/Nt. Therefore,

in general, the array gain at an angle θ from the direction of maximum gain is

Gt(θ) =
4π|AF (θ)|2

2
Nt

∫ 2π

0
dϕ̂

= Nt |AF (θ)|2

= Nt

∣∣∣∣∣
[
1

Nt

sin(Ntπ
2

sin(θ))

sin(π
2
sin(θ))

]∣∣∣∣∣
2

, for − π ≤ θ ≤ π.

C. Proof of Lemma 2

Lemma 2: The FIM for the received signal is given as:

F(Γ ) =
1

N0B

G∑
g=1

Re(∇yg∇Hyg). (C.1)

Proof: From CRLB definition [72], we have

var(Γ̂ − Γ ) ≥ −
[
EY|Γ

(
∂2logf(Y|Γ )
∂Γ∂Γ T

)]−1

≡ (F(Γ ))−1

where Y = [y1, . . . , yG]T . Let w(Γ ) =
√
Nβe−j2πfcτaH(Ψ)s. Then, for gth transmission

(2.33) can be written as yg = wg(Γ ) + νg. Hence, the log-likelihood function is

f(Y|Γ ) = 1√
2πσ2

[
e−

1
2σ2 (y

1−w1(Γ )), . . . , e−
1

2σ2 (y
G−wG(Γ ))

]T
⇒ logf(Y|Γ ) =

[
−1

2
log2πσ2 − 1

2σ2
(y1 − w1(Γ )), . . . ,−1

2
log2πσ2 − 1

2σ2
(yG − wG(Γ ))

]T
.

Taking the first derivative, we have:

∂f(Y|Γ )
∂Γ

= − 1

2σ2

[
∇y1, . . . ,∇yG

]T
.
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Taking second derivative and negative expected value over Γ , we get

− EY|Γ

(
∂2f(Y|Γ )
∂Γ∂Γ T

)
=

1

2σ2

G∑
g=1

Re(∇yg∇Hyg)

⇒ F(Γ ) =
1

N0B

G∑
g=1

Re(∇yg∇Hyg).
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Chapter 3

Multi-RF Beamforming for Multi-user
Wideband mmWave Communications

3.1 Introduction

The advancement of mmWave beamforming technologies and numerous outdoor channel

measurement campaigns [75,76] encourages to probe into mmWave outdoor commercial

cellular systems, especially where user density per cell is sufficiently high. In the previous

chapter we analyzed the sectored-cell framework with a single analog beam for serving a

large user population. We now extend the proposed sectored-cell framework analysis to

the case of multiple concurrently active beams generated by a sub-array hybrid precoder

at the gNB to obtain spatial multiplexing gain. However, the power consumption and

inter-beam interference of a hybrid precoder increase as the number of beams grows [77].

Therefore, optimizing the hardware and system complexity of a large mmWave system

is critical. As a result, various hybrid precoding designs to maximize sum rate while

achieving a reduction in the number of RF units have been investigated. However, this

digital-analog beamforming requires two-step NP-hard precoding, namely baseband and

RF precoding leading to high computational complexities. In addition, the complexity of

scheduling a large UE population increases with increasing number of RF chains at the

gNB NRF .

The literature on hybrid beamforming for multi-user case withM ≤ NRF have mainly

focused on using SDMA for multiplexing UEs with with the assumption of one UE per

data stream generated from an RF unit. Further, orthogonality on data streams to UEs

is obtained via joint RF and baseband precoding schemes based on channel information
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and correlation. It is notable that, if two UEs are co-located then even with baseband

precoding, multiplexing UEs over dominant eigenmodes, perfect orthogonality might not

always be possible, resulting in inter-user interference (IUI). However, if the UEs are

multiplexed over orthogonal subcarriers, IUI does not arise. Further, to boost the system

capacity when UE population M ≫ NRF , the wideband mmWave channel can be used to

schedule multiple UEs over a beam using OFDMA. To serve multiple UEs in OFDMA,

authors in [22] used sparsity-based digital precoding to jointly estimate subcarrier and

hybrid precoder design for a fully-connected hybrid architecture. However, even with

weighted minimum mean squared error digital (MMSE) precoder in [22], achieving per-

fect orthogonality among the spatial streams of co-located UEs is not possible. Besides,

with increasing UE population and antenna array size, the complexity of zero-forcing and

MMSE precoders grow non-linearly. Moreover, zero-forcing and MMSE precoders are

both constrained by the weakest UE SNR.

Additionally, the directional mmWaves communication has implications over the MAC

layer as well. The mmWave communication systems can be deployed in two modes,

namely, non-standalone (NSA) mode – where control signaling is provided by existing 4G

nets, and standalone (SA) mode – where control signaling is also carried out at mmWave

frequencies. Though much research has been reported on the NSA domain, the SA mode

has received relatively much less attention. SA mode will help mmWaves to realize its

full potential in terms of ultra-low latency and huge bandwidth. On the other hand, the SA

mode has its own set of difficulties. One such challenge is to identify a suitable narrow

beam pair between gNB and UE during the IA phase. According to 3GPP NR guidelines,

for SA mode the communication at mmWaves is divided into two phases - beam training

phase and data transmission phase [78].

The limitations of two-phase mmWave communication model are as follows. First,

the bandwidth at mmWaves is enormous, whereas the initial access and other control

data are very small. Moreover, the 3GPP NR considers a minimum TTI of one slot du-

ration, or 7 OFDM symbols, for the eMBB application [57]. Therefore, if a sector has

no user in a particular direction during the beam training phase, 7 OFDM signals are

wasted. Second, the beam training and data transmission phases use different precoders

leading to increased computational complexity at the gNB. During the beam training

phase, the sectorization method is employed, whereas during the data transmission phase,

the baseband and RF precoders are redesigned to service some dedicated directions hav-

ing scheduled users. Third, 3GPP NR has suggested contention-free initial access for
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standalone mmWave communications, which necessitates a second round of scanning to

inform users of the location of a physical random access channel (PRACH) correspond-

ing to a synchronization signal (SS) burst in each direction. To this end, beam training

and data transmission phases and the related precoding designs have been studied, but the

number of users served in an epoch was constrained to be less than or equal to the number

of RF chains at the gNB. Also, the effect of non-homogeneous user distribution has not

been taken into account to optimize spectral efficiency.

To this end, in Chapter 2 we observed that dedicating an RF unit along with the en-

tire spectrum to a single UE at a time in a UMi environment is not advantageous from

the spectral and energy efficiency perspective. Further, Chapter 2 investigated the op-

timum transmit beamwidth in a sectored-cell framework required to maximize system

performance when an gNB has a single RF chain. Therefore, the analysis was devoid

of inter-beam interference. Moreover, the variable time scheme in Chapter 2 considered

sector sojourn time to be a continuous variable. As an extension, in this chapter, we in-

vestigate the inter-beam interference for different UE distributions using a sectored-cell

approach with multiple RF units. To improve the achievable rate and fairness among

non-homogeneously distributed UEs, the sector sojourn time is solved by formulated as

an integer optimization problem. Further, the existing MAC layer protocols at mmWaves

are not spectrally efficient in the IA phase. To this end, we propose the related MAC layer

specifications that provide simultaneous IA to all the UEs within a sector. To the best of

our knowledge, the proposed system model has not been studied in the literature yet.

3.1.1 Contribution

In this chapter we study the performance of the sectored-cell system model with multi-

RF beams while accounting for the inter-beam interference and UE distribution dependent

variable sector sojourn time, to cater to a large UE population. The performance metrics

of the proposed system depend on the optimal number of sectors as well as on selection

of the optimal number of concurrently active beams. To the best of our knowledge, the

proposed system model has not been studied in the literature yet. The key contributions

are:

a) A novel sectored-cell system model is presented using a multi-RF beamforming

structure to serve the UEs in the urban micro (UMi) scenario at mmWave frequency.

Each RF unit is connected to a array of an optimal size capable of forming narrow
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steerable beams over the sectors. Each beam supports multiple UEs per sector

at a time. At the baseband level, algorithms are proposed to optimally allocate

OFDM resources to the UEs to minimize inter-beam interference while maximiz-

ing throughput. Further, the two schemes namely, synchronous and asynchronous

sweeping of cell by the beams are investigated.

b) A variable time frame structure is proposed for the sectored-cell model. It aims

to reduce IA delay and achieves better spectral efficiency compared to exhaustive

search IA procedure proposed by 3GPP NR for cellular mmWave communications.

c) For a given gNB power budget and a large number of homogeneously distributed

UEs in the cell, a joint optimization problem is formulated to find the optimum

sector beamwidth and an optimum number of concurrent beams that maximize the

average long-run UE rate in presence of side-lobe interference using realistic ULA

gain pattern. Also, the comparison of user scheduling complexity of the proposed

system is provided over the existing competitive scheduling models in the literature.

d) For non-homogeneous UE distribution, sector sojourn time is optimized by availing

the advantages of variable time frame structure using weighted round-robin (WRR)

scheduling to improve the fairness of long-run UE rates.

3.1.2 Chapter Organization

The chapter organization is as follows. System model is presented in Section 3.2. The

variable time frame structure is presented in Section 3.3. Resource allocation strategy,

optimum sector beamwidth, number of RF units, and sector sojourn time are analyzed

in Section 3.4. Complexity analysis is presented in Section 3.5, simulation results are

discussed in Section 3.6, and chapter is summarized in Section 3.7.

3.2 System Model

In this section, we describe the cell architecture and the antenna configuration at the gNB

to support the directional communication at the mmWave in the UMi environment, with

the number of RF chains NRF ≪ M , where M is the number of UEs independently

distributed in the cell. The cell is partitioned into S identical sectors. We also propose
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an underlying variable time MAC layer protocol to support the proposed sectored-cell

time-multiplexed model in section 3.3.

Let S be the set containing all possible values of S that a cell can be sectorized into,

i.e., S = {S|S = ⌈2π
Θ
⌉,Θmin ≤ Θ ≤ Θmax}, where [Θmin and Θmax] denotes the

range of supportable sector width or equivalently half power beamwidth (HPBW) of the

serving beam. For a particular sectorization scheme S, let s denote the index of a sector,

s = {1, · · · ,S}. Also, letKs be the number of UEs located in sth sector of a sectorization

scheme S such that
∑

s∈S Ks =M .

3.2.1 UE Deployment

In this chapter we study the performance in context to both homogeneous and non-

homogeneous UE deployment. We use the same model as given in Section 2.2 for homo-

geneous UE setup, i.e., the probability of a UE falling in a sector s is Q(s) = 1/S. To

generate a non-homogeneous UE distribution, we employ a more sophisticated technique,

as discussed next. A cell is divided cell into Z zones. Each zone has a granularity of δϕ.

The probability of a UE falling in the angular area ar(ϕ̂) varies with ϕ̂, where ϕ̂ is the

angular distance. Then, Q(ar(ϕ̂)) is calculated as

Q(ar(ϕ̂)) = exp(Υ ⌊mod(ϕ̂, 360o/Z)/δϕ⌋δϕ)
Z
∑(360o/Zδϕ)−1

i=0 exp(Υ iδϕ)
(3.1)

where Υ decides the intensity of non-homogeneity. The proof of
∫
ϕ̂
Q(ar(ϕ̂))dϕ̂ = 1 is

given in Appendix A. The distribution given by (3.1) is used in Section 3.6.3 for simula-

tion studies.

3.2.2 Spatial Multiplexing with NRF Beams

Spatial multiplexing is accomplished at the gNB by scanning the 2π angular space with

NRF RF chains that concurrently serve UEs located in NRF out of S sectors in an epoch

(Fig. 3.1 (a) and (b)). We assume that S is a multiple of NRF . Each RF unit is connected

to a separate array of Nt antenna elements. Each beam serves all the UEs in a sector

using OFDMA at a time. Thus, the NRF beams serve the sectors in a fashion such that

each beam steers over a set of S/NRF consecutive sectors in a cell sweep. Let sj denote

sth sector served by jth beam in an epoch. Then, Sb = {sb|s sectors served by the bth

beam}, where b = 1, · · · ,NRF . Further, we assume that each UE has a single RF unit
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connected to array of Nr antenna elements. For analytical simplicity, we consider fixed

beamforming gain Gr = Nr at the receiver irrespective of the steering directions, and let

number of steerable directions at UE be Sr, as shown in Fig. 3.1 (c).

3.2.3 Wideband mmWave Channel Model

At mmWave frequencies there exists either a line-of-sight (LOS) link or non-line-of-sight

(NLOS) link between UE and gNB due to large difference in attenuation of first order and

higher order signals. The probability of a link being in LOS for kth UE at distance dk
from gNB is expressed as Pr(dk) = min(d1/dk, 1)(1− e−dk/d2) + e−dk/d2 , where d1 = 18

and d2 = 36 [79]. Additionally, the path loss for LOS and NLOS link are obtained as [65]

PLLOS(dk) = 61.4 + 20log10(dk) +N (0, 33.64) [dB]

PLNLOS(dk) = 72.0 + 29.2log10(dk) +N (0, 75.69) [dB].
(3.2)

Therefore, for the kth UE, at a distance dk from gNB the pathloss PLk is expressed as

PLk =

Pr(dk)10PLLOS(dk)/10, LOS

(1− Pr(dk))10PLNLOS(dk)/10, NLOS.
(3.3)

The channel between gNB and kth UE exhibit frequency-selective fading; the total

available bandwidth B is divided into Nc subcarriers, with fc being the carrier frequency.

1
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S3

S5

S6

S8

S9
S11

S12

S1

S3S4
S5

S6

S7

S9 S10

12

1st epoch 2nd epoch

Sector User eNB

Side-lobe interference Scan range of B1

(a) (b) (c)

(Sb)

Figure 3.1: (a) and (b) depicts round-robin scheduling of sectors over two consecutive epochs

with S = 12 sectors and NRF = 4 beams, represented as {S1, · · · ,S12} and {B1, · · · ,B4},
respectively. Here, Sb=B1 = {S1,S2,S3}; and (c) shows steering directions {R1, · · · ,R8} of a

UE within beam B1, i.e., Sr = 8.
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Further, the channel consists of Lk ≪ Nt multipath components (MPCs) [14]. Thus, the

channel between gNB and kth UE over nth subcarrier (frequency fn) as seen by a single

RF unit connected to Nt active antenna elements is expressed as

hk,n =

√
Nt

LkPLk

Lk∑
l=1

αk,n,laT(Ω(fn),ϕk,l)
H ∈ C1×Nt (3.4)

where αk,n,l is small scale fading of lth MPC over nth subcarrier, and ϕk,l is the AoD of

lth MPC assumed uniformly distributed with angular spread of σAS
T . Then, the gNB array

response vector aT(Ω(fn),ϕk,l) at an offset angle ϕk,l is

aT(Ω(f),ϕk,l) =
1√
Nt

[
1, e−j 2π

λc
d′Ω(f)sinϕk,l . . . , e−j 2π

λc
d′Ω(f)(Nt−1)sinϕk,l

]T
(3.5)

Here, Ω(f) = (1 + f/fc) is the beam squint parameter at frequency f [42], d′ is the

inter element ULA spacing, and λc is the carrier wavelength. The information of channel

paramters (Lk,αk,l,ϕk,l, dk) ∀k is available at the gNB from the IA phase assuming zero

estimation error.

Furthermore, the transmit power per RF chain Pt with the constraint on maximum

EIRP value is given by (2.1).

3.2.4 Effective Rate in Presence of Side-lobe Interference

In an epoch out of total S sectors only NRF sectors will be served simultaneously. So,

with the consideration of practical beam radiation pattern with side-lobes at gNB, the

UEs in sbth sector served by bth beam in an epoch, where b = {1, 2, · · · ,NRF}, will

experience side-lobe interference from the rest of the beams b̂ ̸= b. Also, at gNB let A be

the wideband analog beamforming vector of a beam b, steered at offset angle Φb to serve

sth sector, given as

A(Φb) =
1√
Nt

[
1, e−j 2π

λc
d′sinΦb · · · , e−j 2π

λc
d′(Nt−1)sinΦb

]T
. (3.6)

In a sectorized cell with total S number of sectors, the possible steering directions are

fixed at Φb = (t + b − 2)(360o/S), where t = 1, · · · , ⌈S/NRF ⌉ denotes the epoch index

during a cell sweep. Consequently, the signal-to-interference-plus-noise ratio Γ sb
k,n of kth

UE at distance dk from gNB, over the nth subcarrier in sector sb served by beam b is

Γ sb
k,n =

P sb
k,n|h

sb
k,nA(Φb)|2Gr

N0B
Nc

+
∑NRF

j=1,j ̸=b P
sj
k,nGr|hsb

k,n
HA(Φj)

HA(Φj)h
sb
k,n|

= P sb
k,nγ

sb
k,n (3.7)
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Table 3.1: Power consumption of components in a RF chain

Component Notation Power consumption
DAC PDAC Given by (3.8)

Low-pass filter PLPF 14 mW
Mixer PM 0.3 mW

Phase-shifter PPS ≈ 0 mW
Local oscillator PLO 22.5 mW

Power amplifiers PPA Pt/ηPA, ηPA = 27%

where N0 is the noise spectral density, and P sj
k,n and h

sj
k,n are the power allocation and

channel vector of kth UE over nth subcarrier, respectively, in sjth sector served by jth

beam. Thus, data rate of kth UE over the nth subcarrier in sbth sector in an epoch is

rsbk,n = (B/Nc)log2(1 + Γ sb
k,n).

3.2.5 RF Chain Power Consumption

At mmWaves, the power dissipation in RF circuitry is also a significant part of the total

gNB power budget. The power consumption values and quantities of all the components

in an RF front-end are listed in Table 3.1 [80]. Since the power consumption of passive

phase-shifter is negligible, the total power consumption per RF chain, having a separate

I/Q module, is Prf (Pt) = 2PDAC + 2PM + 2PLPF + PLO + PPA. Here, PPA depends on

transmit power Pt and power amplifier’s efficiency ηPA. PDAC depends on the sampling

frequency Fs and number of bits bt as

PDAC = 1.5× 10−5 · 2bt + 9× 10−12 · bt · Fs. (3.8)

An gNB employing NRF number of RF chains will have a single local oscillator

shared among all the chains. Therefore, total power consumption of RF front-end at gNB

is

Pnrf (NRF ,Pt) = NRF (2PDAC + 2PM + 2PLPF + (1− ηPA)Pt/ηPA) + PLO. (3.9)

Remark 3.1. The primary power-hungry component in an RF chain is the power ampli-

fier. The energy consumption of a power amplifier depends on the transmitted power Pt as

well (as listed in Table 3.1). Therefore, for a given value of NRF , decreasing beamwidth

will decrease the transmit power requirement, and hence it will reduce the resulting power

waste in power amplifiers.
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3.3 Proposed Variable Time Frame Structure

In this section, we propose a variable time frame structure that offers greater flexibility

for control signaling and sector scheduling by a beam. The proposed frame structure has

smaller IA delay and control overhead compared to the IA procedure proposed in 3GPP

NR [81].

Consider two states of UE operation: idle state and connected state. In an idle state,

a UE does not communicate with gNB and only passively monitor gNB’s paging and

broadcast information to maintain connectivity with the network. The UE transits from

idle to connected state after the initial handshake procedure. The proposed sectored-cell

system model uses NRF concurrent beams for spatial multiplexing and each spatially

distributed beam serves only a subset of Sb sectors, as shown in Fig. 3.1(a). Therefore, in

the following section, we consider the case of a single analog beam covering Sb sectors in

a round-robin fashion in a single cell sweep. Furthermore, each UE has a single RF chain

connected to a ULA capable of forming narrow beam steerable in Sr directions, as stated

in section model Section II. The same procedure occurs independently with the rest of the

concurrently active analog beams, achieving full spatial multiplexing.

3.3.1 3GPP NR IA Procedure

The smallest 3GPP 5G NR frame is equal to one slot duration which is also equal to its

TTI. A TTI is a set of OFDM symbols that constitutes the smallest decodable transmission

unit. Each slot can carry a maximum of 2 synchronization signal (SS) blocks that are

used for beam training and control information broadcast. Each SS block comprises of 4

consecutive OFDM symbols over a set of 240 subcarriers [82]. The IA steps of a new UE

during the beam management as in 3GPP NR Release 15 are shown in Fig. 3.2(a).

The IA procedure of 3GPP NR is as follows [52]. First, the beam sequentially scans

all of the Sb sectors and transmits SS blocks corresponding to each gNB-UE beam pair

directions, i.e., totaling |Sb|Sr directions. Based on maximum SNR, the new UE selects

the best beam and decodes the corresponding SS block while the connected UEs perform

beam tracking and paging in the rest of the control portion. The UE obtains essential sys-

tem information by decoding primary synchronization signals, secondary synchronization

signals, and physical broadcast control channel after acquiring SS blocks. The UE then

connects to the network using a physical random access channel (PRACH) to send ran-

dom access (RACH) preambles in the UL slot [81]. RACH preamble from a UE informs
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Figure 3.2: (a) Steps in IA for new UEs using 3GPP NR guidelines (b) Steps in IA for news UEs

according to proposed frame structure for directional cellular communication.

the gNB about its channel and beam conditions. In standalone mmWave, an extra round

of sequential scan over Sb is performed to notify UEs about the unique time-frequency

offset of PRACH corresponding to each SS block transmitted in all gNB-UE pair direc-

tions for best beam estimation. It allows UEs to know when and where to transmit their

RACH preamble for contention-free access, thus extending the IA.

3.3.2 Proposed IA procedure

We perform beam training and data transmission simultaneously within a frame using

the proposed frame structure, leveraging the sectored-cell model. Some resources in the

frame are set aside for IA of new UEs, while the remaining ones are used for data trans-

mission with connected UEs. Therefore, jointly with variable time structure of the frame

and combined beam training and data transmission phase, the mmWave bandwidth is

efficiently utilized.

In the proposed variable time frame structure we assume a superframe of duration

Ttot. The superframe is composed of frames transmitted by the beam in all the sectors

s ∈ Sb in a single cell sweep. There are no fixed frame boundaries, i.e., each frame in a

sector can have a different number of OFDM symbols instead of a fixed duration of 14

OFDM symbols as in 3GPP NR. Further, as explained above, the beam management of

new UEs and exchange of data with multiple connected UEs occur simultaneously using
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Figure 3.3: Schematic diagram of the proposed frame structure, transmitted in sth sector, depicting

the position of control channels required for IA in τ duration, and control channels required for

contention resolution and UE beam refinement in T duration.

OFDMA in the control portion of the frame. Subsequently, we consider that the frame

in a sector s ∈ Sb consists of a control subframe (beacon) of duration τ plus a subframe

of variable duration Ts, as shown in Fig. 3.3, such that
∑

s∈Sb
(τ + Ts) = Ttot. The

beacon duration τ is the same for all sectors. The paging queries for the connected UEs

are included in the SS burst while the paging responses by the UEs are transmitted over

separate UL channels. Fig. 3.2(b) depicts the steps required in IA procedure. For brevity,

we describe only the modified channels, while keeping the functionality of other channels

same. Furthermore, different TTI duration can be defined using the different number of

OFDM symbols. In the proposed frame structure we set the minimum TTI possible equal

to one OFDM symbol. Hence, the UEs can capture and decode the information of one

TTI without waiting for the entire frame to end.

The IA using the proposed variable time frame structure is explained as follows. As

the beam b enters a sector sb, it broadcasts SS blocks in the first 4Sr OFDM symbols for

the duration tc1 of the control subframe, allowing new UEs to search for the SS block in

each of its Sr directions and decode the one with the strongest signal. Moreover, with the

proposed system the likelihood of RACH collision from multiple new UEs in a sector is

negligible.

Lemma 1: When NRF is sufficiently high, the probability of two or more UEs trans-
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mitting the same RACH preamble over PRACH in a single frame is very small.

Proof: See Appendix B.

Consequently, multiple time-frequency resources corresponding to different Sr direc-

tions are not set aside in PRACH, thereby saving bandwidth. Then the new UEs transmit

orthogonal RACH preambles over a single set of reserved time-frequency resources as-

signed for PRACH in the next TTI of 1 OFDM symbol duration (tc3 duration) in UL after

waiting for tc2 duration. The RACH also contains the information of the UEs’ best link

and channel information. If there is contention because of two or more UEs using the

same preamble over the same time-frequency grid, gNB is still able to detect the presence

of contending UEs. The gNB decodes RACH preambles to access UEs beam conditions,

namely, gain, steering direction, etc., and accordingly finds the optimum resource alloca-

tion strategy. After waiting for tc4 duration, gNB grants UEs the random access response

(RAR) over the next TTI consisting of 2 OFDM symbols (tc5 duration) in the common

physical DL control channel (PDCCH). The transmission of RAR to a UE indicates that

the gNB has correctly obtained and decoded the RACH preamble, allowing the UE to

access the channel. The UE can now access the channel immediately after τ duration. As

a result, the complete IA of all the UEs located in a sector can be carried out within the

sector sojourn time. Here, tc2 and tc4 are the time offset to allow for transmission and

processing delay. The remaining resources in τ duration are used for data transmission

to connected UEs in DL/UL. If in sth sector Ks = 0 then gNB does not detect any pag-

ing responses and RACH preambles, the frame is of duration τ only. The duration Ts is

dedicated for data portion, which can be optimized to the granularity of OFDM symbol

to improve UEs’ fairness, as discussed later in Section 3.4.3. In addition, as shown in

Fig. 3.3, DL and UL assignment in a frame is flexible, and some subcarriers are reserved

for contention resolution in PDCCH and physical UL control channel DL (PUCCH) in Ts
duration.

3.3.3 Performance Metrics

3.3.3.1 IA Delay

In directional communication, IA delay (IAD) is defined as the time required by a new

UE to transit into the connected state after it first listens to the synchronization signals.

According to the methodology defined by 3GPP NR, the IA procedure takes place by

scanning all the Sb sectors sequentially for SS burst and then reception of RACH in Sb
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sequentially before sending RAR to all the new UEs. Also, 3GPP NR defines TTI size

equal to one slot and supports a maximum of two SS blocks per slot [81]. Thus, the

total time required is summation of (|Sb|Sr)/2 × 14TOFDM for SS block transmission,

|Sb| × 14TOFDM for PRACH announcement, |Sb| × 14TOFDM for RACH transmission,

and |Sb|×14TOFDM for RAR. Therefore, minimum IAD of IA procedure defined in 3GPP

NR is, IAD3GPP = |Sb| · 14 · (Sr/2 + 3)TOFDM . On contrary, the proposed variable time

frame structure allows for the IA to be carried out sector by sector. Therefore, compared

to the 3GPP NR, minimum IAD of the proposed scheme is equal to the beacon subframe

time, i.e., IADProp = (4·Sr+3)TOFDM+tc2+tc4 = τ . Thus, the percentage improvement

in IAD with the proposed variable time frame structure is

∆ IAD =

(
1− τ

|Sb| · 14 · (Sr/2 + 3)TOFDM

)
× 100. (3.10)

3.3.3.2 Bandwidth Savings

From Lemma 1 we know that, unlike the IA methodology in 3GPP NR, in proposed IA

procedure there is no need to reserve different resource elements for different UEs over

the bandwidth for RACH reception, thereby saving bandwidth. Consequently, the pro-

posed IA method does not need an additional round of SS blocks transmission for RACH

resource announcement in Sb directions. SS block uses 240 subcarriers over 4 OFDM

symbols, RACH preamble occupies 166 subcarriers, and RAR transmitted on PDCCH

consumes a maximum of 240 subcarriers [57]. Hence, the total bandwidth consumed in

overhead for the IA procedure using 3GPP NR specifications (assuming no contention) is

BW3GPP =∆f · REs in (SS blocks + RACH resources announcement

+ RACH preambles + RAR)

=∆f · (240 · 4 · |Sb| · Sr ·Nrep + 240 · 4 · |Sb|+ 166 · |Sb|+ 240 · 2 · |Sb|)
(3.11)

where RE is the resource element (smallest time-frequency element), ∆f is the subcarrier

spacing andNrep is total number of SS blocks transmitted over bandwidthB per gNB-UE

beam pair. The total bandwidth required in IA procedure using proposed frame structure

is

BWProp =∆f · REs in (SS blocks + RACH preambles + RAR)

=∆f · (240 · 4 · |Sb| · Sr + 166 · |Sb|+ 240 · 2 · |Sb|).
(3.12)
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Thus, percentage bandwidth savings with proposed frame is

∆ BW =
480 · (Sr ·Nrep − Sr + 1)

480 · Sr ·Nrep + 803
× 100. (3.13)

3.4 Problem Formulation and Performance Evaluation

In this section, we evaluate the performance of the proposed system with the underlying

protocol as presented in Section 3.3 in terms of average long-run UE rate, power budget,

and fairness for homogeneously distributed UEs. The analysis is further extended to find

the optimal sector sojourn time in case of non-homogeneous UE distribution for a given

S∗ and N∗
RF that optimizes system performance.

For simplicity, we assume the same DL and UL data capacities and calculate the total

data rate supported over the bandwidth. We also assume quasi-static channel during a

cell sweep. Let Nc1 and Nc2 be the number of effective subcarriers available for data

transmission during τ and Ts interval, respectively. We define the long-run UE rate as the

total data received by a UE over one cell sweep duration Ttot. Therefore, the long-run rate

of kth UE located in sth sector is

Rs
k =

τs
∑Nc1

n=1 π
s,τs
k,n r

s,τs
k,n + Ts

∑Nc2

n=1 π
s,Ts

k,n r
s,Ts

k,n

Ttot
(3.14)

where τs and Ts are the control subframe and variable subframe duration of sth sector.

Also, τs = τ ∀s. The variables πs,τ
k,n and πs,Ts

k,n denote the subcarrier assignment in OFDM

symbols during τ and Ts, respectively. The value of πs,τ/Ts

k,n = 1 denotes the assignment

of nth subcarrier to kth UE is sth sector during τ or Ts. Similarly, we define the average

long-run UE rate R̄ as the average of long-run rate of all UEs and it is equivalent to

R̄ =

∑S
s=1

∑Ks

k=1R
s
k

M
=

1

MTtot

S∑
s=1

(
τ

Ks∑
k=1

Nc1∑
n=1

πs,τ
k,nr

s,τ
k,n + Ts

Ks∑
k=1

Nc2∑
n=1

πs,Ts

k,n r
s,Ts

k,n

)
.

(3.15)

In hybrid beamforming, the system hardware power consumption at gNB is also a

significant parameter. Total power consumption at gNB includes total power dissipated

predominantly in RF hardware circuitry and total power consumed in the transmission of

bits. However, the system performances are constrained by the peak power expressed as

Ppeak(S,NRF ) =
∑
s∈Si

Ks∑
k=1

Nc∑
n=1

P s
k,n + Pnrf (NRF ,Pt) (3.16)
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where Pnrf (·) is the power consumed at transmitter and Si = {s|sectors concurrently

served by NRF beams during the ith epoch}. Another important parameter is the system

fairness. In this chapter, we use the geometric mean of long-run UE rate to to characterize

fairness of long-run UE rates given as

Ḡ = M

√
ΠS

s=1Π
Ks
k=1R

s
k. (3.17)

3.4.1 Resource Allocation and Cell Sweeping Schemes

We first discuss the problem of resource allocation in a sector, at a given time, imple-

mented at baseband level of each RF unit. Here we have dropped the superscript τ/Ts for

notation simplicity. To achieve a trade-off between system throughput and UE fairness

within a sector at a time, we use proportional fairness (PF) subcarrier allocation scheme.

Accordingly, the optimization problem for resource allocation in sth active sector in an

epoch is formulated as

(P0) : max
πs
k,n,P

s
k,n

Ks∑
k=1

ln

(
Nc∑
n=1

πs
k,nr

s
k,n

)

s.t. C01 :
Ks∑
k=1

πs
k,n ≤ 1, ∀n; C02 : πs

k,n ∈ {0, 1}

C03 : P s
k,n ≥ 0, ∀k,n, s; C04 :

∑
k

∑
n

P s
k,n ≤ Pt, ∀s.

(3.18)

Here, πs
k,n and P s

k,n are obtained by joint iteration and the complexity of such iterative

method is very high to adopt in practical applications [83]. Therefore, we use a heuristic

subcarrier and power allocation approach as discussed next.

3.4.1.1 Subcarrier and Power Optimization

In this approach we find the optimal πs
k,n

∗ and P s
k,n

∗ using the fact that system perfor-

mance evaluation in our work is a relative analysis of rates over all the sectors. To ensure

proportional fairness condition the optimization problem for subcarrier allocation in sth

sector served during an epoch is formulated as

(P1) : max
πs
k,n

Ks∑
k=1

ln

(
Nc∑
n=1

πs
k,nr

s
k,n

)

s.t. C11 :
Ks∑
k=1

πs
k,n ≤ 1, ∀n; C12 : πs

k,n ∈ {0, 1}, ∀k,n

(3.19)
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We relax πs
k,n to a real number in the interval [0, 1]. Thus, Lagrangian formulation of P2

is

L(πs
k,n,P

s
k,n,λ) =

Ks∑
k=1

ln

(
Nc∑
n=1

πs
k,nr

s
k,n

)
−

Nc∑
n=1

λn

(
Ks∑
k=1

πs
k,n − 1

)
(3.20)

where λ = [λ1, · · · ,λn] is the non-negative Lagrangian multiplier for constraint C11. By

KKT condition we have

∂L(πs
k,n,λ, η)

∂πs
k,n

=
rsk,n∑Nc

n=1 π
s
k,nr

s
k,n

− λn ≤ 0 (3.21)

Denote Rs
k =

∑Nc

n=1 π
s
k,nr

s
k,n. In (3.21), if the nth subcarrier is not allocated to kth UE

then πs
k,n = 0, rsk,n = 0 and rsk,n/R

s
k − λn ≤ 0. On the other hand, if the nth subcarrier is

allocated to kth UE then πs
k,n = 1, rsk,n ̸= 0, and rsk,n/R

s
k − λn > 0. This implies that nth

subcarrier is allocated to kth user by the following rule

k∗ = arg max
k

rsk,n
Rs

k

. (3.22)

To satisfy the constraint C12, λn is set between rsk,n/R
s
k and one. Next, each UE

is given a share of power equal to the number of subcarriers allocated to it. Thus, the

optimization problem for power allocation for kth UE is formulated as

(P2) : max
P s
k,n

∑
n∈ωk

rsk,n

s.t. C21 : P s
k,n ≥ 0, ∀k,n; C22 :

∑
n∈ωk

P s
k,n≤ Pt|ωk|/Nc, ∀k

(3.23)

where ωk is the set of subcarriers allocated to kth UE. The Lagrangian ofP3 is formulated

as
L(P s

k,n, ηk) =
∑
n∈ωk

rsk,n − ηk
∑
n∈ωk

(
P s
k,n − Pt|ωk|/Nc

)
(3.24)

where ηk is the Lagrangian multiplier corresponding to C22. (3.24) is concave in P s
k,n.

Hence, from KKT conditions we have

P s
k,n

∗ =

[
(B/Nc)π

s
k,n

∗

ln2η∗k
− 1

γsk,n

]+

η
(j+1)
k =

[
η
(j)
k − ϵ̂

(j)

(
Pt|ωk|
Nc

−
∑
n∈ωk

P s
k,n

∗

)]+
.

(3.25)



3.4 Problem Formulation and Performance Evaluation 61

Algorithm 3.1 Proportional subcarrier and power allocation per sector
1: Input: γsk,n,Ks

2: Output: {πs
k,n

∗}, {P s
k,n

∗}
3: Initialize ωk = 0 and Rs

k = 0 ∀k
4: for subcarriers n = 1 to Nc do
5: for users k = 1 to Ks do
6: Set πs

k,n = 1 and πs
l,n = 0 for l ̸= k

7: Update ωk and find {P s
k,n

∗} using (3.25)

8: Update {rsk,n} and Rs
k
′ = Rs

k + rsk,n

9: end for
10: Find k∗ with Rs

k ← Rs
k
′ in (3.22)

11: Update πs
k,n

∗, P s
k,n

∗ and Rs
k

12: end for

Here, η∗k is the optimal dual variable for power constraint, which is updated using

sub-gradient method with step size ϵ̂. The steps to solve for {πs
k,n

∗} and {P s
k,n

∗} are

presented in Algorithm 3.1. For nth subcarrier allocation, ωk ∀k is calculated by assuming

πs
k,n = 1 ∀k. Then P s

k,n and rsk,n ∀k,n are found, and Rs
k ←

∑
n∈ωk

rsk,n . Accordingly,

optimal k∗ is evaluated using (3.22). Thereafter P s
k,n and Rs

k are updated.

3.4.1.2 Cell sweeping schemes

In the proposed variable frame structure, if sth sector served by bth beam during ith epoch

has Ks = 0 then the frame duration is τ , and if Ks ̸= 0 then the frame duration is τ + Ts.

Further, since zero-forcing or MMSE precoder is not used at the baseband, another way to

reduce inter-beam interference while increasing net throughput is to optimally allocate the

subcarrier and power to the UEs in the concurrently active beams. Also, the inter-beam

interference reduction is possible only when the beams move in synchronized manner.

Hence, with NRF concurrent beams, two cell sweeping schemes, namely, synchronous

and asynchronous cell sweeping are possible.

During the ith epoch of synchronous cell sweep, the sojourn time of sectors served by

the concurrent beams is the same, i.e., tis = τ+Ts ≜ τ+T ∀s ∈ Si, where Si = {s|sectors

concurrently served by NRF beams during the ith epoch}. If the sth sector served by bth

beam has Ks = 0, the beam b remains silent during tis (that is, it does not transmit, saving

power) while the other concurrently active beams service their respective sectors. Note
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Algorithm 3.2 Resource allocation in synchronous cell sweep scheme
1: Input: S,NRF , and total number of epochs I

2: Output: {πs
k,n

∗}, {P s
k,n

∗} ∀k,n, s
3: for epoch = 1 to I do
4: Find the set of active sectors Si = {∀sb|sectors being served at ith epoch with Ksb > 0}
5: Initially assume zero inter-beam interference

6: for s ∈ Si do
7: Find {πs

k,n}, {P s
k,n} ∀n, k using Algorithm 3.1

8: end for
9: Update γsk,n ∀s ∈ Si according to (3.7) and Rs

k ∀k
10: Go to step 6 till

∑
s∈Si

∑Ks
k=1R

s
k converges

11: end for

that, sector sojourn time is not necessarily equal to frame duration. Using synchronous

cell sweep, it is possible to achieve inter-beam interference reduction. On the other hand,

in asynchronous cell sweep, each beam has the freedom to move independently over its

set of sectors Sb without wasting time, i.e., beam b′ ̸= b can move to another sector

s ∈ Sb′ while the beam b continues to serve its currently scheduled sector. Although by

using asynchronous cell sweeping coordinated resource allocation over the concurrently

active sectors is not possible, resources can be optimized per beam at a time to improve

the beam throughput. This results in increased inter-beam interference compared to the

synchronous cell sweeping scheme. Nevertheless, it facilitates in improving the fairness

of long-run UE rates by optimizing the sector sojourn times. The steps for resource allo-

cation in synchronous and asynchronous cell sweep schemes are presented in Algorithm

3.2 and 3.3, respectively. When even one of the NRF beams steers, it is counted as a new

epoch in the algorithms. Also, OFDM resource allocation is performed separately for τ

and T duration of the frame consisting of Nc1 and Nc2 subcarriers, respectively.

Remark 3.2. The optimal value of sector sojourn time tis of sth sector served by bth beam

during ith epoch, given total cell sweep time Ttot, for the two cell sweeping schemes are

Synchronous: tis = τ +
⌊Ttot − |Sb|τ
TOFDM |Sb|

⌋
TOFDM

= τ + T ∀i, s, b

Asynchronous: tis =

τ , Ks = 0,

τ + Ts, Ks ̸= 0

(3.26)
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Algorithm 3.3 Resource allocation in asynchronous cell sweep scheme
1: Input: S,NRF , and total number of epochs I ′

2: Output: {πs
k,n

∗}, {P s
k,n

∗} ∀k,n, s
3: Initialize the set of active sectors S0 = {∀sb|sectors steered at ith epoch with Ksb > 0} = ∅
4: for i = 1 to I ′ do
5: Initially assume zero inter-beam interference,

6: Find Si and the set of sectors steered Ssteeri = {s ∈ Si|s ∈ Si/Si−1}
7: for s ∈ Ssteeri do
8: Find {πs

k,n}, {P s
k,n} ∀n, k using Algorithm 3.1

9: Update γsk,n ∀s ∈ Ssteeri according to (3.7)

10: end for
11: end for

where Ts is found to optimize system performance.

3.4.2 Joint Estimation of Number of Sectors and Concurrent Beams

This section specifies the problem formulation for joint estimation of the optimal number

of concurrent beams N∗
RF and optimal number of sectors S∗ (or sector beamwidth Θ∗)

required for average long-run UE rate maximization for a given gNB power budget.

From (3.7) we observe that, on one hand increasing NRF will increase side-lobes

interference, thereby decreasing cell peak data rate of UE in an epoch, while on the other

hand it increases sector sojourn time. Thus, we need to choose a suitable value of NRF

that maximizes the average long-run UE rate R̄. Moreover, S also influences the amount

of inter-beam interference and sector sojourn time. Further, (3.16) indicates that peak

power is also a function of NRF and S (since Pt is a function of S). Therefore, the

optimization problem to estimate S∗ and N∗
RF that achieves highest R̄ for a given gNB

power budget Pbudget is formulated as

(P3) : max
πs
k,n,P

s
k,n,S,NRF

R̄(πs
k,n,P

s
k,n,S,NRF )

s.t. C31 :
Ks∑
k=1

πs
k,n ≤ 1, ∀n, s; C32 : πs

k,n ∈ {0, 1}, ∀k,n, s

C33 :
Nc∑
n=1

Ks∑
k=1

P s
k,n ≤ Pt, ∀s; C34 : P s

k,n ≥ 0, ∀k,n, s

C35 : S ∈ S; C36 : S ≥ NRF ; C37 : 0 ≤ Ppeak ≤ Pbudget.

(3.27)
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However, P3 is jointly non-convex in (πs
k,n,P

s
k,n,S,NRF ) and is a NP-hard problem.

Therefore, we decompose P3 and decouple the optimal resource allocation of UEs in all

the sectors and optimal (S∗,N∗
RF ) search. Constraint C36 has a straightforward impli-

cation that the total number of beams cannot exceed the total number of sectors in the

cell. It is notable that water filling allocates power over subcarriers so as to maximize

sum rate. Consequently, the difference between the total available power Pt and total al-

located power
∑Ks

k=1

∑Nc

n=1 P
s
k,n is nearly zero. As a result, from (3.16) we have Ppeak =

NRFPt + Pnrf (NRF ,Pt) i.e., C37 is relaxed to 0 ≤ NRFPt + Pnrf (NRF ,Pt) ≤ Pbudget.

Therefore, the feasible value of NRF is limited by the available power budget Pbudget, as

shown in Fig. 3.4. Accordingly, we fix the value of NRF and set S, and find the corre-

sponding transmit power Pt given by (2.1). Thereafter, we use Algorithm 3.2 or 3.3 for

resource allocation in all the epochs. R̄ is computed by substituting value of tis in (3.15)

as specified in Remark 3.2. The steps of the algorithm are repeated by incrementing NRF

to search for S∗ while satisfying C35 and C36.

3.4.3 Optimal Sector Sojourn Time Estimation for Non-homogeneous
UE Distribution

In this section, we consider M non-homogeneously distributed UEs in the cell while the

rest of the system parameters remain unchanged. Let ts = τ + Ts be the sector sojourn

time of a sector s. It is notable that, in case of homogeneous UE distribution, Ts = T

given by (3.26) was optimal. However, when the variance of UEs distribution among the

sectors is high, the round-robin scheduling of sectors results in UE starvation on long-

run basis in densely populated sectors. Finding the best sectorization schemes for each

beam individually is one way to increase the fairness of long-run UE rates for a given

value of N∗
RF . This method requires a search of |S|N∗

RF combinations. Another way to

Figure 3.4: Ppeak versus sectorization scheme for different NRF .
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improve fairness is to optimize ts. Therefore, we propose WRR scheduling in which ts is

calculated to maximize the fairness of long-run UE rates.

Here, we present the analysis for a single beam b out of parallel NRF beams, serving

Sb sectors in a cell sweep duration Ttot. The same analysis is applicable for the rest of the

beams. The fairness index Ḡ is the highest when all the UEs have the sameRs
k ∀k, s ∈ Sb.

In a sectored-cell system model, however, optimizing the scheduling time for each UE

is not feasible. Nevertheless, we characterize the fairness in terms of expected long-

run UE rate within a sector, R̄s =
∑Ks

k=1R
s
k/Ks. Hence, as Ks increases the fraction

of resources per UE in a sector decreases. Therefore, different sectors will experience

different mean UE rate. For equal fairness guarantee, let R̄sts = C (constant) ∀s ∈ Sb
such that

∑
s∈Sb

ts ≤ Ttot, assuming ts ∈ R+. Thus,

∑
s

ts =
∑
s

C

1/R̄s

⇒ C =
Ttot∑
s 1/R̄s

⇒ ts =
Ttot/R̄s∑
s′ 1/R̄s′

. (3.28)

Accordingly, the weights for determining ts in WRR are ws = 1/R̄s. However, ts should

be integer multiple of TOFDM . Therefore, the problem to find sector sojourn time (ex-

cluding beacon subframe in each sector) is to determine

Ts =
ws∑

s′∈Sb
ws′

(Ttot − |Sb|τ) ≜ nsTOFDM , ∀s (3.29)

such that ns ∈ Z+, ∀s and
∑

s∈Sb
nsTOFDM ≤ Ttot − |Sb|τ .

Remark 3.3. Let f(t) =
∑

s∈Sb
R̄snsTOFDM be the total cell throughput, where t =

{ns}s∈Sb
. The solution t = t0 ∈ R+ obtained from (3.28) gives an upper bound fmax =

f(t0). Let T be the feasible search region of t satisfying C41 and C42. For some t′ ∈
T , the condition f(t′) > f(t0) is possible only if sectors with higher R̄s (equivalently

smaller Ks) are allocated more time, hence contradicting the required objective of WRR.

Therefore fmax acts as the upper bound on the throughput maximization while solving for

P4.

Consequently, the LP reduces to the form

(P4) : argmax
{ns}∈Z+

f(t) =
∑
s∈Sb

R̄snsTOFDM

s.t. C41 : ⌊t0(s)⌋ ≤ ns ≤ ⌈t0(s)⌉, ∀s; C42 :
∑
s∈Sb

nsTOFDM ≤ Ttot − |Sb|τ

C43 : f(t) ≤ f(t0).

(3.30)
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Algorithm 3.4 Integer LP to find optimal sector sojourn time

1: Input: R̄s ∀s ∈ Sb, Ttot, TOFDM

2: Output: t∗ = {n∗
s} ∀s ∈ Sb

3: Solve for t0 = {ns} using LP in (3.28) with integer restriction relaxed

4: Initialize: j = 0; fmax = f(t0); t = ∅
5: while Sb ̸= ∅ do
6: sj = Sb{1}, j = j + 1

7: Sb = Sb\{sj}
8: Set n+

j = ⌈t0(j)⌉ and n−
j = ⌊t0(j)⌋

9: Find t̂+ = {ns∀s ∈ Sb|n1, · · · ,nj−1,n
+
j }; t̂− = {ns∀s ∈ Sb|n1, · · · ,nj−1,n

−
j } from

(3.28)

10: substituting Ttot = Ttot − |Sb|τ −
∑j

i=1 nsTOFDM

11: if f(t̂+) ≤ fmax and f(t̂+) ≥ f(t̂−) then
12: t∗(j) = n+

j

13: else
14: t∗(j) = n−

j

15: end if
16: end

The steps to find optimal t∗ = {n∗
s}s∈Sb

are presented in Algorithm 3.4. The search for

t0 ∈ R+ begins by finding ws from (3.28). Subsequently, the objective is to maximize

f(t) while searching for t ∈ Z+. The constraint C41 reduces the search space consid-

erably by bounding each ns to two nearest integer values of t0(s) only. The explanation

of upper bound on ns is given in Remark 3.3, and the lower bound on ns is justified

by the fact that setting ns < ⌊t0(s)⌋ will lower the throughput. In Algorithm 3.4, at

jth iteration the jth sector sj = Sb{1} is selected to find the corresponding optimal n∗
j ,

and Sb is updated by excluding sj . The two possible integer values of nj are found as

n+
j = ⌈t0(j)⌉ and n−

j = ⌊t0(j)⌋. Thereafter, t̂+(t̂−) ∈ R+ for all the remaining sectors

s ∈ Sb is found from (3.28) given {n∗
1, · · · ,n∗

j−1} and n+
j (n

−
j ). If the solution is feasible

and f(t̂+) ≥ f(t̂−), then t∗(j) = n+
j ; otherwise t∗(j) = n−

j .

3.5 Complexity Analysis

Below, we present the computational complexity of different modules.



3.6 Results and Discussions 67

3.5.1 Subcarrier and Power Allocation per Sector

For a system with Ks UEs and Nc subcarriers in a sector, P1 has a complexity of

O(ζR(KsNc + ζη(N
2
c logNc))) [83], where ζR and ζη denote the number of iterations

required for convergence of rate and power allocation, respectively. Using the proposed

subcarrier and power optimization, total complexity of resource allocation of P2 and P3
is reduced to O(Nc

∑Ks

k=1 ηP |ωk| log(|ωk|)) = O1. Here, ηP is the number of iterations

required for convergence of power allocation.

3.5.2 Cell Wweeping Schemes

Let ζ ′R be the number of iterations required for convergence of cell peak sum rate for co-

ordinated interference reduction in Algorithm 3.2. Thus, Algorithm 3.2 has a complexity

of Iζ ′RNRFO1 per epoch, where I is the number of epochs in synchronous cell sweeping.

On contrary, in Algorithm 3.3, due to non-coordinated resource allocation, the resource

optimization step in sectors is performed only once per epoch. Thus, the complexity of

Algorithm 3.3 is reduced to I ′NRFO1, where I ′ is total number of epochs in asynchronous

cell sweeping. The complexity of Algorithm 3.2 is smaller as I ′ ≤ Iζ ′R. A worst-case

comparison is performed over all the combinations of S and NRF to jointly estimate S∗

and N∗
RF .

3.5.3 Estimation of Sector Sojourn Time

In Algorithm 3.4, after solving for t ∈ R+ using (3.28), the integer optimal t∗ is found

sequentially for all the sectors covered by a beam, i.e., the sector sojourn time estimation

loop is executed |Sb| per beam having a total complexity of O(NRF |Sb|).

3.6 Results and Discussions

In this section, we present the numerical simulation results generated using MATLAB.

The simulation set-up configurations are given in Table 3.2. First, we present the simu-

lations illustrating the advantages of the proposed variable time frame structure and then

proceed using this MAC protocol as an underlying access mechanism for studying op-

timum system performance with homogeneous and non-homogeneous UE distribution

scenarios.
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The numerical results are compared with the 3GPP NR scheme as a baseline. For

beam management and data transmission, the total time in 3GPP NR scheme is divided

into control and data parts [52]. The IA technique is explained in Section III-A and is

performed during beam management phase. The UEs are grouped into NRF sets based

on AoD similarities in 3GPP NR scheme [84]. Further, at mostNRF UEs are scheduled in

time domain for data transmission with a dedicated RF unit per UE employing baseband

precoding to reduce IUI. Note that, as per the 3GPP NR specifications, a slot is of 14

OFDM symbols and a beam stays in a specific direction for an integer multiple of a slot

duration.

Table 3.2: Simulation parameters and values

Parameter Description Value
D Cell Diameter 400 m
fc Carrier frequency 28 GHz
B Bandwidth 1 GHz
θ HPBW 1o to 25o

U Number of UEs 100, 600

Nc Number of subcarriers 32

d′ Inter-element ULA spacing λc/2

S Number of sectors 14 to 360

NRF Number of concurrent beams ≤ S

N0 Noise spectral density −174 dBm/Hz
KR Rician fading parameter 8 dB
Ttot SS block periodicity 20 ms
δϕ zone angular granularity 1o

Ttot SS burst periodicity 20 ms
EIRP Effective isotropic radiated power 52 dBm
Nt Number of antenna elements per RF unit at gNB 5 to 115

Lk Number of MPCs 1 (LOS), 4 (NLOS)
αk,l lth MPC fading parameter Rician (LOS), Rayleigh (NLOS)
Nr Number of antenna elements at UE 4
Sr Number of UE steerable directions 12
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(a) IAD (b) ∆BW

Figure 3.5: (a) Improvement in IAD with Nrep = 17 using proposed IA procedure over the

3GPP NR. Nrep = 17 is equivalent to using full 1 GHz bandwidth for SS blocks. (b) Saving in

bandwidth using proposed IA procedure over the 3GPP NR.

3.6.1 Performance Evaluation of the Proposed Frame Structure

3.6.1.1 IAD

With the proposed frame structure, considering no contention, IA of a UE can be per-

formed within a beacon duration, whereas 3GPP NR uses exhaustive beam search over the

entire region before final RAR transmission to the UE. Here, we consider tc2 = 5TOFDM

and tc4 = 4TOFDM (explanation given in Appendix C.) Fig. 3.5(a) shows the percentage

IAD improvement with the proposed IA procedure over 3GPP NR. Further, using the pro-

posed IA procedure a considerable amount of BW (given by (3.13)) is saved, as shown in

Fig. 3.5(b).

3.6.1.2 Multiple UEs per Beam

Figs. 3.6(a) and 3.6(b) illustrate the benefit of serving multiple UEs at a time located in

a sector by a beam using wideband mmWave channel. In 3.6(a) the decline in R̄ with

(a) Average long-run UE rate (b) gNB energy efficiency

Figure 3.6: Comparison of (a) average long-run UE rate and (b) gNB energy efficiency with the

existing protocols and proposed protocol. Here, |Sb| = 5 and Sr = 12.
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Ks is non-linear. Thus, it is suitable to serve multiple UEs at a time over wideband

mmWave channel. We compare the performances of the proposed frame structure with

two other competitive standalone mmWave communication schemes: 3GPP NR scheme

and perfect gNB-UE beam alignment with variable TTI frame structure scheme [53].

Figs. 3.6(a) and 3.6(b) show that the R̄ of UEs and the energy efficiency of the gNB (ratio

of total bits transmitted to total energy consumed) outperform the 3GPP NR model and

are comparable to variable TTI with perfect beam alignment scheme. Nonetheless, it is

not possible to achieve perfect beam alignment practically.

3.6.2 Optimum S∗ and NRF
∗ for Homogeneous UE Distribution

Fig. 3.7(a) shows the EIRP level in main-lobe and side-lobes for beams of different width

attained from analog beamforming vector given by (3.6). Even though narrow beams have

a high gain, modulating Pt for maintaining constant EIRP results in a reduced effective

radiated power from the interfering side-lobes. Moreover, the cell coverage range is main-

tained constant, and the peak EIRP is the same irrespective of the beamwidth. Fig. 3.7(b)

shows that the normalized interference power PI , from side-lobes of interfering beams,

experienced by a UE in a sector increases with increased Θ (equivalent to reduced S). It

is notable, that power allocation using Algorithm 3.1 has ηp < 100 when η(0)k = 1 ∀k,

ϵ̂ = 0.05 and convergence tolerance = 10−4. We also observe that PI increases with a

higher value of NRF . From Fig. 3.7(c) it is verified that solving for subcarrier and power

resource allocation in Algorithm 3.2, the peak sector sum rate in an epoch converges in

less than 20 iterations; in 1st iteration peak sum rate is maximum and invariant of NRF

due to the initial assumption of zero interference per subcarrier. Further, from Fig. 3.7(c)

we study that, for fixed S, increasing NRF degrades the peak sector throughput, which is

because of the increase in PI . Note at NRF = 3, the beams are 120o apart from each other

(a) (b) (c)

Figure 3.7: (a) EIRP level in main-lobe and side-lobes in a beam at different beamwidth. (b)

Normalized interference experienced by a UE with respect to variable HPBW. (c) Convergence of

peak sector sum rate in an epoch using Algorithm 3.2 for S = 30 and M = 100.
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(a) Synchronous, M = 100 (b) Synchronous, M = 400 (c) Asynchronous M = 100

Figure 3.8: Illustration of R̄ as a function of S and NRF .

and have negligible inter-beam interference, thus the peak sum rate remains constant.

Remark 3.4. Despite a decrease in peak throughput per sector, the average long-run UE

rate R̄ improves with increased NRF for a fixed S. The improvement in R̄ with NRF is

because of the fact that the increase in sector sojourn time from using a large number of

concurrent beams overcomes the rate loss due to increased interference level. Therefore,

for a given S, the maximum R̄ is achieved at NRF = S.

From Fig. 3.8(a) and 3.8(b), we observe that even with NRF = S, the highest value

of R̄ is achieved at S∗ = 20 and S∗ = 72, respectively, for M = 100 and M = 400

homogeneously distributed UEs. This is so because, for S < S∗ (or equivalentlyΘ > Θ∗)

the interference from sidelobes of concurrent beams is high, as noted from Fig. 3.7(a).

For S > S∗ even though effective interference from sidelobes of a single concurrent

beam is small, because of a large value of NRF the cumulative interference is increased

which degrades R̄. Hence, using the narrowest possible beam is not beneficial. Results

in Figs. 3.8(a) and 3.8(b) are generated using synchronous cell sweeping. From Fig.

3.8(c) we observe that for asynchronous cell sweeping at M = 100 the value of S∗ = 28

which is slightly higher as compared to synchronous cell sweeping (S∗ = 20) although

maximum attainable R̄ is a little reduced. Furthermore, Pbudget limits the number of

beams NRF that can be activated at gNB, which influences S∗ selection. For example, the

optimal parameters are (S∗,N∗
RF ) = (30, 15), with R̄ = 210.58 Mbps and Ppeak = 49.07

W, when M = 400 and the Pbudget = 50 W (Fig. 3.4). If gNB has no peak power

constraint, the best answer is (S∗,N∗
RF ) = (72, 72), with maximum R̄ = 458.72 Mbps

and Ppeak = 271.63 W.

Table 3.3 compares the scheduling complexity of the proposed model over the exist-

ing competitive UE scheduling schemes, using fully and partially connected hybrid beam-

forming structure, as a function of M , NRF , and Nt at the gNB. The work in [19, 84, 85]

dedicate one RF chain per UE at a time using 3GPP NR MAC as underlying protocol. In

our proposed model all the UEs that are located within the beam coverage area are served
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Figure 3.9: Comparison of achievable R̄ of the proposed system model with the schemes in

[19,84,85] and multi-RF MMSE method for M = 100.

simultaneously. Hence, scheduling is independent of M and depends only on the NRF .

Further, Fig. 3.9 shows that the proposed sectored-cell model using multi-analog beams

with optimum beamwidth for serving multiple UEs per beam achieves better R̄ and also

with reduced scheduling complexity compared to the models in [19, 84, 85]. For the sake

of fair comparison, we fix the total number of antenna elements at gNB equal to 256 and

maintain Nt ≤ 256/NRF in the proposed model.

We also analyze a scenario in which multi-RF beams in a sectored-cell model serve

multiple UEs per beam over OFDMA, where, instead of the proposed power allocation in

Algorithm 3.2, the baseband utilizes an MMSE precoder per subcarrier to minimize inter-

beam interference. We denote this as multi-RF MMSE method. Besides high computation

complexity, the multi-RF MMSE approach has smaller R̄, as shown in Fig. 3.9, because

the worst UE channel condition acts as a bottleneck to its performance. In contrast, the

approaches in [19, 84, 85] only distribute subcarriers to UEs having orthogonal channel

conditions and thus have better performance compared to the multi-RF MMSE approach.

Though in multi-RF MMSE approach the spatial multiplexing gain is large at higher

value of NRF , R̄ degrades after certain high value of NRF . This is because in sectored-

cell model, the RF beams are not perfectly orthogonal, and hence dominant eigenmodes

are close to zero in some beam directions, thus limiting the throughput.

Table 3.3: UE scheduling complexity

User scheduling Method Hybrid structure Complexity
Channel correlation [19] Fully-connected O(M)

AoD’s similarities [84] Fully-connected O(MNRF ηI)

Virtual beamforming [85] Partially-connected O(N2
RF )

Proposed method Partially-connected O(NRF )

ηI : number of iterations for algorithm convergence
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(a) R̄ (b) Normalized Ḡ

Figure 3.10: Comparison of (a) R̄ and (b) normalized Ḡ for M = 100 non-homogeneously

distributed UE achieved with 3GPP NR, synchronous and asynchronous schemes.

3.6.3 Optimal Sector Sojourn Time Estimation for Non-homogeneous
UE Distribution using WRR

We set Z = NRF in (3.1) for non-homogeneous UE set-up such that |Sb| = 4 for S∗ = 28

at M = 100. Fig. 3.10(a) shows that with increasing Υ asynchronous scheme offers

improved R̄ as opposed to allocating equivalent sector sojourn time to all sectors in the

synchronous scheme. Also, compared to the 3GPP NR scheme a notable gain in R̄ with

the asynchronous scheme is achieved because bandwidth consumed in control overhead

is less using variable time frame at MAC layer (shown in Fig. 3.5(a) and the wideband

channel is efficiently utilized by serving multiple UEs at a time. Moreover, significant

improvement in fairness Ḡ of long-run UE rates with asynchronous over synchronous

and 3GPP NR scheme is achieved, as shown in Fig. 3.10(b). This is so because sectors

with higher Ks (hence, smaller R̄s) are allocated more time.

3.7 Summary

In this chapter, the sectored-cell framework to serve a large UE population with multiple

RF chains while taking into account the inter-beam interference and beam squint effect

in wideband mmWave channel has been studied. In the proposed multi-RF sectored-cell

system model, multiple UEs are scheduled over the wideband channel using OFDMA at

any given time. Moreover, in an epoch, each RF unit serves a single sector. In compari-

son to other competing user grouping hybrid beamforming designs, the proposed model

does not require zero-forcing precoding. The RF beamformer has been designed depend-

ing on the steering angle required to serve a sector. Thereafter, subcarrier allocation and

power allocation have been jointly optimized. From rate support findings, it has been
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observed that for a given cell sectorization, while interference from the side-lobes of

concurrent beams decreases UE’s peak data rate, the time-averaged data rate increases

with the higher number of RF chains. Also, it has been shown that using the narrowest

beamwidth is not optimal. Besides, it has been observed that raising the number of con-

current beams in a cell causes not only increased side-lobe interference but also increases

the gNB power budget. Hence, the power budget plays a crucial role in deciding the op-

timum number of beams and the sector beamwidth. A variable time frame structure has

also been proposed that requires less IAD and has high bandwidth utilization. Further,

it has been demonstrated that by using the variable frame structure, non-homogeneously

distributed UEs can be scheduled efficiently, thus improving UE fairness index as well as

the average long-run UE rate.

Despite the benefits of a variable frame time structure in mmWave communication

systems, it is crucial to ensure timing synchronization between the UE and the gNB in

order to accurately detect beacon signals within a sweep duration in practical implemen-

tations. This issue also impacts the sleep cycle of the UE, which requires further study.

Additionally, there is a need to investigate the extension of the sectored-cell framework

to the case of 3-D terrestrial mmWave communication. The other possible future works

include comparison of efficiency of variable time frame structure for different 3GPP NR

frame methodology and extending the proposed sectored-cell system to the case of uni-

form and non-uniform amplitude planar arrays that would require optimizing antenna

amplitude, gNB height, elevation HPBW, and sector scheduling with UE fairness.

Appendices for Chapter 3

A. Proof of
∫
ϕ̂Q(ar(ϕ̂))dϕ̂ = 1

∫ 360o

ϕ̂=0o
Q(ar(ϕ̂))dϕ̂ =

∫ 360o

ϕ̂=0o

exp(Υ ⌊mod(ϕ̂,360o/Z)
δϕ

⌋δϕ)

Z
∑(360o/Zδϕ)−1

i=0 exp(Υ iδϕ)
dϕ̂

=

∫ 360o

Z

ϕ̂=0o
I(ϕ̂)dϕ̂+ · · ·+

∫ z360o

Z

ϕ̂=
(z−1)360o

Z

I(ϕ̂)dϕ̂+ · · ·+
∫ 360o

ϕ̂=
(Z−1)360o

Z

I(ϕ̂)dϕ̂

(A.1)

where I(ϕ̂) =
exp(Υ ⌊mod(ϕ̂,360o/Z)

δϕ
⌋δϕ)(

Z
∑(360o/Zδϕ)−1

i=0 exp(Υ iδϕ)
) and z = {1, · · · ,Z}.
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Let ϕ̃ = mod(ϕ̂, 360o/Z). Then (A.1) can be written as∫ 360o

ϕ̂=0o
Q(ar(ϕ̂)) = Z

∫ 360o/Z

ϕ̃=0o
I(ϕ̃)dϕ̃

= Z

∫ 360o/Z

ϕ̃=0o

exp(Υ ⌊ϕ̃/δϕ⌋δϕ)
Z
∑(360o/Zδϕ)−1

i=0 exp(Υ iδϕ)
dϕ̃.

(A.2)

As per the definition, Q(ar(ϕ̂)) is constant within the angular granularity of δϕ.

Therefore, integration is replaced by summation and ⌊ϕ̃/δϕ⌋ ≜ ϕ̃/δϕ = j, and hence

∫ 360o

ϕ̂=0o
Q(ar(ϕ̂)) = Z

( 360
o

Z
)/δϕ∑

j=0

exp(Υjδϕ)

Z
∑(360o/Zδϕ)−1

i=0 exp(Υ iδϕ)
= 1. (A.3)

B. Proof of Lemma 1

Lemma 1: When NRF is sufficiently high, the probability of two or more UEs transmit-

ting the same RACH preamble over PRACH in a single frame is very small.

Proof: Suppose the new UEs arrive according to Poisson distribution with mean arrival

rate µ UEs/s/km2 during a cell sweep duration, Ttot. With NRF beams serving the cell,

coverage area per beam is Ar(NRF ) = π(D/2)2/NRF . Then the probability of arrival of

m new UEs during Ttot time interval is Pra(m) = (µTtotAr(NRF ))
me−µTtotAr(NRF )/m!.

Consider that each new UE chooses a RACH preamble randomly from a set of MR = 64

orthogonal preambles with equal probability. Then the probability that k ≥ 2 out of m

UEs chooses same RACH preamble is

Prr(k ≥ 2|m) = 1−
(
m

0

)(
1

MR

)0(
1− 1

MR

)m

−
(
m

1

)(
1

MR

)(
1− 1

MR

)m−1

.

(B.1)

Thus, the probability of collision, Prc is obtained as

Prc = Pra(m)× Prr(k ≥ 2|m)

E[Prc] =
∞∑

m=2

(µTtotAr(NRF ))
me−µδAr(NRF )

m!

[
1− m

MR

(
1− 1

MR

)m−1

−
(
1− 1

MR

)m
]

=
∞∑

m=0

(µTtotAr(NRF ))
me−µδAr(NRF )

m!

[
1−

(
1− 1

MR

)m(
m

MR − 1
+ 1

)]
.

(B.2)
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Figure B3.1: (a) Prc and (b) E[Prc] of new UEs arriving during Ttot = 100 ms.

Here, we consider 3-sector LTE model as a reference. Fig. B3.1(a) shows that maximum

Prc is very small even for worst case scenario of Ttot = 100 ms, NRF = 3, and µ as high

as 5000 UEs/Km2/s. Fig. B3.1(b) shows that the expected collision probability decreases

sharply on increasing NRF , and in this set-up, NRF ≥ 6 can be considered a sufficiently

high value.

C. Calculation of Processing Time

The processing time is given as

tprocess = 0.5NI(2048 + 144)κ2−µ̂TC , (C.1)

where κ is a constant set to value 64, µ̂ corresponds to subcarrier spacing, i.e., ∆f = 240

kHz = 2µ̂ × 15 kHz, NI is subcarrier-spacing dependent timing advance parameter, and

TC = 1/(fmaxNf ) [56]. The values fmax = 480 kHz and Nf = 4096 are fixed in 5G.

Therefore, at ∆f = 240 kHz,

tprocess = NI × 2.23× 10−6s. (C.2)

NI is obtained from trip time, i.e., 2 × propagation delay/TOFDM , which is equivalent

to 1 OFDM symbol, resulting in tprocess = 2.23µs. Thus, the total time between the

last SS block transmission and the start of PRACH is sum of the transmission delay and

processing time, i.e. tc2 = 4TOFDM + tprocess ≥ 5 OFDM symbols. The same processing

delay is applicable after PRACH transmission. Hence, tc4 ≥ TOFDM + tprocess = 2

OFDM symbols.
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Chapter 4

Joint Beamforming and Subcarrier
Allocation with Beam Squint in
Wideband mmWave Communication
Systems

4.1 Introduction

Beam squint is a critical and essential aspect of wideband mmWaves communication sys-

tems. We now study beam squint effect in detail for a multi-user wideband mmWave

communication scenario, in addition to the incorporation of beam squint effect in design

of mmWave channel matrix as in the previous chapter. Numerous studies have been done

on the joint RF and BB precoder design optimization for a hybrid precoder in a wide-

band mmWave channel. However, majority of existing literature on wideband mmWave

channel did not take the beam squint effect into account such as [15, 17–22]. A few stud-

ies that addressed the beam squint effect at mmWave regarded it as interference such as

in [41,45,86,87]. These works designed hybrid precoders in which the BB precoder was

designed to minimize the effect of beam squint and the RF precoder was either designed

using instantaneous CSI or channel’s second-order characteristics [86, 87]. Very little

consideration has been given to selecting an RF precoder that accounts for beam squint.

It is notable that in a sub-array connected hybrid beamformer, it is not possible to design

different steering weight vector of a RF precoder of a sub-array for each subcarrier. It is
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so because the signal fed to the antenna sub-array connected to a RF unit is a time domain

signal that is sum of signals over all subcarriers [43]. However, mmWave communication

relies heavily on exact beam alignment and beam squint causes significant performance

loss.

In [86] the authors designed dynamic hybrid beamformers for wideband mmWave

channel with beam squint, assuming a priori knowledge of SC allocation to the users,

whereas RF precoder was designed using instantaneous channel information. Similarly,

in [44, 88], hybrid precoder designs for a multi-user system were proposed in which RF

precoder was designed based on the channel covariance matrix, assuming prior SC allo-

cation. We denote this as the SC-RF-BB approach. This approach assumes that the users’

CSI is estimated in the beam training phase, and based on this CSI, the gNB performs SC

allocation. Consequently, using this effective CSI over all SCs, the RF and BB precoders

are designed for the data transmission phase.

However, the SC-RF-BB approach is not optimal because of the following reasons.

Suppose one sub-array of a hybrid precoder generates a beam of width φ steered at angle

θ covering multiple users. Due to beam squint, the maximum array gain at different SCs

occurs at different angles. For instance, at center frequency maximum gain is at θ while

at nth SC it occurs at θ +∆θn, as shown in Fig. 4.1. In this case, allocating the SC to a

user with AoA closer to θ + ∆θn is more justified as it will deliver a higher gain. Thus,

if the steering angle changes, then the SC allocation scheme will also vary. Accordingly,

the selection of RF weight vector will affect SC allocation. Additionally, the beamwidths

during beam training and data transmission phases are not the same. As evident from

Fig.1, the beam squint effect varies with beamwidth. In the beam training phase, a beam

of width φt estimates the users’ CSI over different SCs. When φt ̸= φ estimating a prior

SC allocation policy before designing the RF precoder for data transmission phase will

vary the effective channel at each SC, affecting performance. Further, to achieve some

threshold QoS and fairness in multi-user scenarios, especially when the number of users

is higher than the number of RF chains, the SC-RF-BB approach cannot take advantage

of channel variations over SCs to meet the desired QoS level. Again, this is because

the RF precoder is designed based on second-order channel statistics, AoA, and channel

correlation.

To this end, in this chapter we propose a novel approach wherein we jointly estimate

the RF precoder and SC allocation policy leveraging beam squinting effect to maximize

the net throughout. After that, the BB precoder is designed for minimizing inter-beam



4.2 System Model 81

interference. We denote this approach as the RF-SC-BB approach. To cater to multiple

users, the majority of the research works to date considered serving single user over the

wideband mmWave channel per RF unit while time multiplexing the co-located users in

the group [86, 88, 89]. Therefore, the problem of SC allocation does not arise. However,

when the user population is higher than the total number of RF chains, in Chapter 2

and 3 we have shown that it is optimal to group and serve multiple users over OFDM per

beam. In such a scenario, as we will demonstrate in this chapter, our proposed RF-SC-BB

approach outperforms the existing SC-RF-BB approach.

4.1.1 Chapter Organization

The remaining chapter is organized as follows. System model is presented in Section 4.2.

The RF-SS-BB design is presented in Section 4.3. Simulation results are presented in

Section 4.5, and the chapter is summarized in Section 4.6.

4.2 System Model

We consider a multi-user scenario of M users distributed in a 2-dimensional space using

Cox process with angular spread σspread. The gNB is equipped with sub-array hybrid

precoder having NRF RF chains connected to a uniform linear array consisting of Nt an-

tenna elements. Each sub-array is connected to a non-overlapping set of Nt/NRF antenna

elements generating one independent beam of width φ. The users are grouped into NRF

groups by k-means clustering. Users in a group are served using OFDMA by a single RF

chain connected to a sub-array. We assume that each user has a single antenna. Let Kj

denote the set of users located in coverage area of beam j = {1, . . . ,NRF}. The mmWave

channel is divided into Nc SCs.

4.2.1 Channel Model

The UE-gNB channel has L ≪ Nt MPCs. Therefore, the channel between the kth UE

and the gNB over the nth SC at frequency fn is represented as

hk,n =

√
PLk

L

L∑
l=1

αk,le
−j2πτk,lfnaT (fn,ϕk,l)

H ∈ C1×Nt (4.1)
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where αk,l, τk,l, and ϕk,l are respectively the small scale channel fading, delay, and AoA

of lth MPC of kth UE and PLk is the path loss of kth UE given by (2.4). The gNB array

response vector aT (fn,ϕk,l) at an offset angle ϕk,l is expressed as

aT (fn,ϕk,l) =
1√
Nt

[
1, e

−j2πfnd′ sinϕk,l
λcfc , . . . , e

−j2πfnd′(Nt−1) sinϕk,l
λcfc

]T
(4.2)

where fn/fc is the beam squint factor at frequency fn, d′ is the inter element ULA spacing,

and λc is the carrier wavelength. For simplicity, we assume perfect channel knowledge.

4.2.2 Precoder

The sub-array hybrid precoder in the data transmission phase is composed of RF and BB

precoder. In each sub-array, the same RF beamforming weight vector is applied at all the

SCs. The analog precoding matrix ARF of the sub-array hybrid structure is of the form

ARF = {a1, . . . , aNRF
} ∈ CNt×NRF . (4.3)

Here aj ∈ CNt×1 is the RF weight vector of jth sub-array. In general the beam’s

half power beamwidth is φ ≈ 360/(πNt/NRF ) (degrees). The phase shifters have

discrete phases that are controlled by b bits and decide the steering direction. There-

fore, the possible steering directions (θ) are uniform over the 2π range from the set

Θ = {2πi/2b|i = 0, . . . , 2b − 1}. The resulting RF weight vector of the jth sub-array

steered at angle θj ∈ Θ for all frequencies is

aj =

e
−j 2π

λc
d′(m−1) sin θj ∀m ∈ [(j − 1) Nt

NRF
+ 1 : j Nt

NRF
],

0 otherwise.
(4.4)

Figure 4.1: Illustration of beam squinting effect at 28 GHz with NRF = 1 connected to Nt

antennas and steered at 80o.
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Due to beam squint, each SC experiences different gains for the same RF precoder.

Therefore, the effective gain experienced by a UE at frequency fn situated at an offset

angle ϕ from a beam steered at an angle θ is [90]

G(ϕ, θ, fn) =
∣∣aT (fn,ϕ)

Haj(θ)
∣∣2

=

∣∣∣∣∣ 1√
Nt

Nt∑
m=1

e−j 2π
λc

d′(m−1)( fn
fc

sinϕ−sin θ)

∣∣∣∣∣
2

.
(4.5)

As shown in Fig. 4.1, the beam gains fall off more sharply in narrower beams (higher

Nt) and hence, are more affected by the beam squinting effect.

In a sub-array hybrid precoder each RF unit transmits one data stream. Thus, over

nth SC the jth RF unit transmits signal xjn only. At baseband, xjn is multiplied by BB

beamforming weight djn to reduce inter-beam interference resulting from the sidelobes of

the other NRF − 1 concurrent beams over the nth SC. Let D[n] denote the BB precoder

at nth SC, which is of the form

Dn = diag{d1n, . . . , dNRF
n } (4.6)

such that
∑Nc

n=1 Tr{DnD
H
n } ≤ Pt, where Pt is the maximum transmit power.

4.2.3 Achievable Rate

On nth SC, the baseband of jth RF unit transmits unit energy signal xjn to UE k ∈ Kj

where j ∈ {1, 2, . . . ,NRF}. Therefore, let x[n] =
[
x1n, . . . x

NRF
n

]T be the input signal

to the BB precoder. Then, assuming kth UE is allocated on nth SC, the received signal

is yk,n = hk,nARFDnxn + mn, where mn is noise variable with distribution N (0,σ2).

Therefore, achievable data rate of jth beam on nth SC is

Rj
k,n = log2

(
1 +

πj
k,n |hk,na

jdjn|
2

σ2
n +

∑
i ̸=j π

i
k,n |hk,naidin|

2

)
(4.7)

where πi
k,n ∈ 0, 1 is the SC allocation variable. πi

k,n = 1 if UE k allocated to SC n by ith

RF unit and 0, otherwise.
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4.3 RF-SC-BB Design

4.3.1 Problem Formulation

We first jointly design the SC allocation and RF precoder, and then design the BB pre-

coder. To ensure fairness to LoS and NLoS UEs, we proportionally allocate the SCs to all

the UEs in each beam using OFDMA, which is equivalent to maximizing sum log-rate.

Thus, the optimization problem is

P1 : max
π,D,ARF

NRF∑
j=1

∑
k∈Kj

ln

(
Nc∑
n=1

πj
k,nR

j
k,n

)
s.t. C1:

∑
k∈Kj

πj
k,n ≤ 1,∀j,n; C2: πj

k,n ∈ {0, 1}, ∀j,n, k

C3:
Nc∑
n=1

Tr{DnD
H
n } ≤ Pt; C4: aj ∈ Θ.

(4.8)

Constraints C1 and C2 ensure binary SC allocation with no sharing within a beam.

Constraint C3 limits maximum power and constraint C4 limits the possible beam steering

directions. π and D are set of all πj
k,n and Dn, respectively. P1 is a mixed integer non-

convex optimization problem. Therefore, we decompose it to solve for (π,D,ARF ). We

first fix D and optimize for π and ARF in the following section.

4.3.2 RF Precoder Design and SC Allocation

Initially assuming djn = Pt/(NcNRF ) ∀n, j and zero inter-beam interference, we optimize

for π and ARF . Thus, P1 reduces to

P2 : max
π,ARF

NRF∑
j=1

∑
k∈Kj

ln

(
Nc∑
n=1

πj
k,nR

j
k,n

)
s.t. C1, C2, C4.

(4.9)

We find the RF precoder independently for each sub-array, given hk,n ∀k,n. Let for

jth RF unit Φj = {ϕk,l|k ∈ Kj} be the set of all possible AoAs from all the UEs in

k ∈ Kj . Thus, the set of possible steering direction of jth beam is

Θj = {θj} = {argmin
θ∈Θ

|θ −min(Φj)|, argmin
θ∈Θ

|θ −max(Φj)|}. (4.10)
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Next, for a θj ∈ Θj we find s∗ by relaxing πj
k,n to be in interval [0, 1]. Then the

optimization problem reduces to

P3 : max
π

∑
k∈Kj

ln

(
Nc∑
n=1

πj
k,nR

j
k,n

)
; s.t. C1. (4.11)

Therefore, the Lagrangian of P3 is

L(π,λ) =
K∑
k=1

ln

(
Nc∑
n=1

πj
k,nR

j
k,n

)
−

Nc∑
n=1

λn

(
K∑
k=1

πj
k,n − 1

)
(4.12)

where λ = [λ1, . . . ,λNc ] are non-negative Lagrangian multipliers corresponding to C1.

Applying KKT condition we have

∂L(π,λ)
∂πj

k,n

=
Rj

k,n∑Nc

n=1 π
j
k,nR

j
k,n

− λn ≤ 0. (4.13)

Subsequently, in (4.13) πj
k,n = 1 if the SC n is allocated to UE k ∈ Kj then, Rj

k,n ̸= 0 and

Rj
k,n/

∑Nc

n=1 π
j
k,nR

j
k,n−λn > 0. Otherwise, we haveRj

k,n = 0 andRj
k,n/

∑Nc

n=1 π
j
k,nR

j
k,n−

λn ≤ 0. This implies that SC n is allocated to UE k by the following rule

k = arg max
k∈Kj

Rj
k,n∑Nc

n=1 π
j
k,nR

j
k,n

. (4.14)

To satisfy the constraint C1, λn is set between Rj
k,n/

∑Nc

n=1 π
j
k,nR

j
k,n and one. Therefore,

the optimal precoder design of jth sub-array is obtained as

θj = arg max
θj∈Θj

∑
k∈Kj

ln

(
Nc∑
n=1

πj
k,nR

j
k,n

)
. (4.15)

Therefore, the optimal steering vector of jth beam is

aj∗ = a(θj). (4.16)

Remark 1: While designing RF precoder, we aim to maximize throughput by using

optimal RF precoder and thereafter select the corresponding optimal SC allocation policy.

Further rate improvement is performed by optimizing BB precoder to reduce inter-user

interference over each SC in the later stage.
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4.3.3 BB Precoder Design

Let ujk,n be the receive BB beamforming weight of the optimal UE k allocated over SC n

on beam j. With the knowledge of (A∗
RF ,π

∗), in this section we design the optimal BB

precoders D∗ at gNB and u = {ujk,n} ∀k, j,n at UE that maximizes total rate, i.e.,

P4 : max
u,D

NRF∑
j=1

Nc∑
n=1

Rj
k,n, s.t. C3. (4.17)

We solve P4 by transforming weighted sum-rate maximization into weighted sum-

rate mean square error (WMMSE) minimization problem using block coordinate descent

optimization. Let wj
k,n and ejk,n, respectively, be the weight and mean-square estimation

error of UE k on nth SC in jth RF unit. Then, using WMMSE P4 transforms to [91]

P5 : min
w,u,D

NRF∑
j=1

Nc∑
n=1

(
wj

k,ne
j
k,n − logwj

k,n

)
; s.t. C3. (4.18)

Fixing D and minimizing weights wj
k,n leads to general MMSE receiver ujk,n, which

is given by (4.19) [91]

ujk,n =
hk,na

j∗djn
σ2 +

∑
i ̸=j |hk,nai

∗din|
2 . (4.19)

Using this receiver, the corresponding mean square error is expressed as

ejk,n =
∣∣(ujk,n)Hhk,na

j∗djn − 1
∣∣2 +∑

i ̸=j

∣∣(ujk,n)Hhk,na
i∗din

∣∣2 + σ2
k,n

∣∣ujk,n∣∣2 . (4.20)

Hence, the weight wj
k,n is found as

wj
k,n =

(
ejk,n
)−1

. (4.21)

Substituting these values in (4.17) we have the equivalence, as

P6 : max
D

NRF∑
j=1

Nc∑
n=1

log2

(
1 +

∣∣hk,na
j∗djn

∣∣2
σ2
n +

∑
i ̸=j |hk,nai∗din|

2

)
; s.t. C3 (4.22)

where P6 is convex in djn ∀j,n. Consequently, we solve it using KKT to obtain

djn
∗
=

wj
k,nu

j
k,n

H
hk,na

j∗

µ+
∑

iw
i
k,n|uik,n

H
hk,naj∗|2

(4.23)
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where µ is the Lagrangian multiplier corresponding to C3. Substituting value of dj[n] in

C3, we have
Nc∑
n=1

NRF∑
j=1

∣∣∣wj
k,nu

j
k,n

H
hk,na

j∗
∣∣∣2(

µ+
∑

iw
i
k,n|uik,n

H
hk,naj∗|2

)2 ≤ Pt. (4.24)

Here, (4.24) is solved by numerical methods. Further, (4.24) is a decreasing function of µ,

Therefore, if
∑Nc

n=1 Tr{Dn(µ = 0)Dn(µ = 0)}H ≤ Pt, then D∗
n = Dn(µ = 0); otherwise

µ∗ is found using bisection search. Algorithm 4.1 lists the steps to find BB precoder and

Algorithm 4.2 describes the steps for complete joint SC allocation and hybrid precoder

estimation.

Algorithm 4.1 Baseband beamforming
1: Input: NRF ,π

∗,A∗
RF ,hk,n ∀k, j,n

2: Output: D and u

3: Initialize D[n] = INRF
Pt/(NcNRF )

4: do
5: Find u,jk,n using (4.19) ∀j,n
6: Find w′j

k,n ← wj
k,n using (4.21) ∀j,n

7: Find µ using (4.24)

8: Find djn using (4.23) ∀j,n
9: Update wj

k,n (4.21) ∀j,n
10: while

∣∣∣∑j log det(
∑

nw
′j
k,n)− log det(

∑
nw

j
k,n)
∣∣∣ ≤ ϵ

4.4 Complexity Analysis

In the proposed RF-SC-BB scheme, we use the same BB precoder as in SC-RF-BB ap-

proach. Therefore, for brevity, we do not compare the complexity of BB precoder for

the two approaches. For fair comparison both the approaches are considered to allo-

cate SCs to maximize the sum log-rate using (4.14) that requires NRFMNc computations

to determine Rj
k,n ∀k, j,n, and |Kj| comparisons to find k. In SC-RF-BB approach,

SC allocation per beam is performed only once. Next, to find the covariance matrix of∑Nc

n=1 h
j
k,n/Nc in beam j, N2

t multiplications are required. Further, eigenvalue decom-

position of covariance matrix to find RF precoder has worst-case complexity of O(N3
t ).

Thus, the overall complexity of SC-RF-BB approach isO1 = O(2NRF |Θ|+NRFMNc+
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Algorithm 4.2 Joint SC allocation and hybrid beamforming
1: Input: NRF ,M ,hk,n ∀k, j,n and UE positions

2: Output: π∗,A∗
RF ,D

∗, and u∗

3: Group UEs into NRF groups such that
⋃NRF

j=1 Kj = M

4: for j = 1 to NRF do
5: Initialize D[n] = INRF

Pt/(NcNRF )

6: Assume zero inter-beam interference⇒ u = {1}
7: Find Θj using (4.10)

8: for θj ∈ Θj do
9: Find πj

k,n

∗
and k using (4.14) ∀n, j

10: Calculate
∑

k∈Kj
ln
(∑Nc

n=1 π
j
k,nR

j
k,n

)
11: end for
12: Find θj using (4.15)

13: end for
14: Find D∗ and u∗ using steps in Algorithm 4.1

Nc|Kj|+N2
t +N3

t ). In contrast, in our proposed RF-SC-BB approach, for jth beam the

SC allocation is performed |Θj| times. Also, to compute Θj in (4.10) a maximum of

2|Θ| searches are required. Therefore, the total computational complexity RF-SC-BB ap-

proach is NRFMNc +
∑NRF

j=1 |Θj|(Nc|Kj|). In the worst case this can be approximated

as O(2NRF |Θ|+NRFMNc +NRF |Θj||Kj|Nc)≪ O1.

4.5 Simulation and Results

In chapter chapter we consider 3 set of UE clusters are generated over a 600 angular

area of radius 200 m using Cox process with σspread = 4o [92]. The mmWave system

parameters are fc = 28 GHz, rician channel with parameter 8 dB, NRF = 3, Nt = 96 (32

per sub-array corresponding to beamwidth φ ≈ 3.58o),Nc = 64, Pt = 1, b = 5, d′ = λ/2,

m1 = 2,m2 = 2.92,m5GHz = 2, a1 = 61.4, a2 = 72,σ2
1 = 33.64, and σ2

2 = 75.69 [65].

We also study the effect of beam squint at fc = 5 GHz, with parameters N5GHz
t = 2,

Rayleigh channel, path loss exponent = 2, and shadowing variance = 44.36.

Further, we compare the performance of the proposed RF-SC-BB approach with that

of the SC-RF-BF approach. In SC-RF-BB approach, SC allocation in jth beam is per-

formed to maximize sum log-rate based on the effective CSI obtained from the beam
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(a) (b)

Figure 4.2: (a) Spectral efficiency comparison of RF-SC-BB and benchmark SC-RF-BB ap-

proaches at 28 GHz. (b) Gain in spectral efficiency using RF-SC-BB over RF-SC-BB with ap-

proach at 28 GHz and 5 GHz.

training phase, i.e., hk,nã
j , where ãj is the RF precoder used during beam training phase

by the jth RF unit having beamwidth φt. It is notable that the beam training uses beam

sweeping by partitioning the area into sectors equal to HPBW of the beam φt. Also,

the beamwidth during the data transmission and the beam training is not necessarily the

same, i.e, φ ̸= φt. Therefore, for performance comparison, we consider two scenarios of

training beamwidth φt = {3.58o, 10o}. Further, for sub-array hybrid precoder architec-

ture we use two benchmarks for joint RF and BB precoding in SC-RF-BB approach. The

two benchmarks are briefly described below.

- Benchmark 1 (B1) [88]: RF precoder is designed using choosing closest coodebook

entry to the dominant eigenvector of the average of CSI {hk,n} over all the SCs.

Thereafter, a ZF based BB precoder is designed to eliminate inter-user interference.

- Benchmark 2 (B2) [44]: RF precoder common to all SCs is designed by projecting

wideband channel to the central frequency and then BB precoder is designed to

compensate for beam squint.

Fig. 4.2(a) verifies that the RF-SC-BB approach achieves higher spectral efficiency

over both the benchmark SC-RF-BB approaches. Further, it can be observed that in SC-

RF-BB approach, spectral efficiency degrades at φt = 10o( ̸= φ) because the SC alloca-

tion used in the training phase to design RF precoder leads to degraded output during data

transmission phase that has φ = 3.58o leading to different array response and thus, differ-

ent beam squint effect. The RF-SC-BB approach achieves improved spectral efficiency

with sum throughput maximization as well. For brevity, we omit the analysis here.
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Figure 4.3: Illustration of beam squinting effects at 5GHz and 28GHz with N5GHz
t = 2,

N28GHz
t = 32, and steering angle = 80o.

Figure 4.4: Comparison of normalized geometric mean rate of RF-SC-BB and SC-RF-BB (B1)

approaches at 28 GHz.

Fig. 4.2(b) illustrates that the difference of spectral efficiency performance of the

two schemes is more prominent at higher frequency, thus showing importance of the

proposed scheme at mmWaves. Here, NRF = 1, φ28GHz = 3.58o, and φ5GHz = 60o. The

attenuation increases with frequency. Therefore, to maintain same power density at cell

edge, the antenna array size required at 5 GHz is much smaller than the antenna array at

28 GHz frequency, resulting in broader beams and hence smaller beam squint, as shown

in Fig. 4.3.

Further, we measure the UE fairness by geometric mean rate given as

RG = M

√√√√ M∏
k=1

Rk. (4.25)

where Rk is the rate of kth UE. As shown in Fig. 4.4 the RF-SC-BB offers improved fair-

ness over SC-RF-BB approach. This is again because the SCs are allocated proportionally

depending on the effective channel gain hk,na
j∗ after optimal RF precoder is estimated.
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4.6 Summary

In this chapter, a joint subcarrier allocation and hybrid beamforming design has been

proposed for a sub-array hybrid beamformer in a multi-user wideband mmWave chan-

nel. We emphasized the interlink of RF and SC allocation policy. Furthermore, it was

demonstrated that, compared to the SC-RF-BB strategy, the RF-SC-BB technique in-

creases spectral efficiency and UE fairness. It has also been showed that the performance

difference is more prominent at mmWave than at sub-6 GHz.
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Chapter 5

Sustainable UAV-assisted Multi-user
Wideband mmWave Communications

5.1 Introduction

Beyond the studies of multi-user access communication in 2-dimensional terrestrial de-

ployment scenario in Chapters 2 through 4, we now investigate the 3-dimensional network

scenario for multi-user access at mmWaves. The investigation of the feasibility of UAV

operation at mmWaves is still in its infancy and little consideration has been given to

UAVs acting as base stations to serve group of obstructed UEs at mmWave frequency. In

this chapter we consider solar-powered UAV deployed at fixed height that act as aerial

base station to provide ad hoc connectivity at mmWaves with minimum QoS guarantee to

a non-homogeneously distributed terrestrial UE population. The clustered UE population

considered is much larger than the number of RF chains available at the UAV. We inves-

tigate the system performance by considering practical antenna radiation pattern and the

resulting sidelobe interference, wherein we exploit the fact that at mmWaves, large num-

ber of antenna elements can be placed on the UAV to provide narrow steerable beams to

serve the terrestrial population.

The prior works jointly designed the RF precoder and the baseband precoders us-

ing zero-forcing (ZF) precoder or minimum mean square error (MMSE) precoders to

minimize inter-user interference with a prior subcarrier allocation in a multi-user sce-

nario [19–22]. The limitation of ZF and MMSE precoders is that the objective of these

precoders is to achieve maximum sum rate, and hence do not guarantee minimum QoS to

all the UEs in the system. To meet the QoS requirement while using ZF precoding, the
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work in [29] optimized the power over different data streams for fully-connected hybrid

architecture. Besides the complexity of joint RF precoder, baseband precoder, and greedy

UE grouping algorithm in [29], the convergence rate of the proposed power allocation

algorithm to satisfy QoS of all the UEs is very slow. In Chapter 4, we have shown that

at mmWaves it is beneficial to first group UEs and then perform subcarrier allocation and

baseband precoding leveraging beam squint. Moreover, with an aerial base station capa-

ble of generating narrow steerable beams, it is beneficial to group the UEs based on their

positions rather than dividing the area into sectors as in [31]. For concurrent transmission

over directional beams, authors in [93] presented a new multiple access technique to al-

lows concurrent interbeam and intra-beam user transmissions for both the mmWave UAV

uplink and downlink via flexible constellation.

Additionally, energy efficiency is an important factor to consider for long-term UAV-

assisted communications [94]. The rotary-wing UAVs can perform static hovering and

hence overcome the problem of beam misalignment to a large extent, which makes them

perfect for use as low-altitude aerial base stations at mmWaves [95]. The works in [96,97]

studied different energy efficient schemes for communication with rotary-wing UAVs.

Besides, the current battery technology allows for a maximum of 1 to 2 hours of UAV

operation. This duration can be extended by powering the UAV with renewable energies.

Solar energy is one such readily available energy at UAV. Recently, sustainable solar-

powered UAVs communication designs are being investigated in the literature. The au-

thors in [98] proposed optimal resource allocation design and 3D trajectory route design

for an energy-constrained solar-powered UAV. The studies in [99, 100] also presented

energy efficient algorithms for a solar-powered UAV. However, the limitations of these

studies are that they focused on the sub-6 GHz band and attempted to enhance energy

efficiency using solar power harvested in real time. These studies did not look at the so-

lar panel size optimization for providing an energy efficient system for serving UEs on a

long-term basis.

From an energy efficiency standpoint, the closest work that considers the effect of the

UAV power limits on the aerial communication system performance is presented in [100].

However, it considered the sub-6 GHz operation with a single RF chain generating a fixed

beam of null-to-null beamwidth of 120o. The majority of research work on UAV-assisted

communication with energy limitations considered UAV trajectory optimization, place-

ment, coverage adjustment, and optimal radio resource allocation subject to minimum

rate constraint and transmit power constraint [101–104]. At mmWaves, the hardware
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power consumption caused by a large number of RF chains is significant. Therefore, in

this chapter we estimate the optimal number of narrow beams for energy efficient UAV

operation for a given power budget. Further, we find that, in addition to the power con-

sumed by transmission and RF hardware units, the power consumed in UAV hovering

has an effect on system energy efficiency and hardware design parameters, such as solar

panel sizing. When using a solar-powered UAV, the solar panel should support UAV hov-

ering as well as communication and battery charging. The solar panel, on the other hand,

adds weight, which increases hovering power and thus affects the UAV performance. To

this end, solar panel design optimization is investigated in this study for a comprehensive

analysis of sustainable UAV operation.

5.1.1 Contributions

The novel contributions and scope of our work are summarized below.

a) A multi-user UAV-assisted communication system at mmWaves with minimum

QoS requirements is presented for UEs distributed non-homogeneously over a small

region. At UAV, UE grouping is carried out and the UEs in one group are served by

a single RF chain employing OFDMA.

b) UE grouping using k-means clustering is proposed with adjustable beamwidth in

azimuth and elevation plane. Using Monte Carlo simulation results, it is demon-

strated that UE grouping using the k-means clustering approach outperforms UE

grouping using the sectoring approach.

c) Subsequently, a low-complexity joint subcarrier allocation and baseband precoder

optimization is devised that assures QoS to all UEs at a faster convergence rate.

It consists of an iterative algorithmic solution in which the subcarrier allocation

and baseband precoder are adjusted iteratively to preserve the required QoS while

minimizing inter-beam interference.

d) Additionally, the estimation of the optimal number of beams for long-term UAV-

assisted communications is presented. The effect of solar panel size on the energy

efficiency of UAV-assisted mmWaves communication is also investigated.

e) Finally, the performance of the UAV-assisted communication system at mmWaves

is compared to that operating at sub-6 GHz, highlighting the limitation of backhaul

power on fronthaul communication at sub-6 GHz versus that at mmWaves.
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It is notable that, optimum UAV hovering system design for solar powered communi-

cation to the ground UEs at mmWaves, considered in the study, is the first basic design

optimization. Accordingly, the aspects of UAV mobility and multi-UAV cooperation at

mmWaves are not in the scope of current study.

5.1.2 Chapter Organization

The chapter organization is as follows. The system model is presented in Section 5.2.

UE grouping and RF precoder design optimization problems are presented in Section

5.3. Subcarrier and baseband precoder optimization with QoS constraint are presented in

Section 5.4. UAV battery design and solar panel design are discussed in Section 5.5. The

simulation results are presented in Section 5.6, and the summary is presented in Section

5.7.

5.2 System Model

The UAV communication system model and the UAV power consumption model at mmWaves

are presented in this section.

5.2.1 mmWave UAV Communication System Model

We consider a multi-user UMI scenario, where a UAV serves a total of K UEs. The UAV

has a backhaul connectivity with a gNB situated at a 2D distance of dUAV−gNB m. The

height of gNB is hgNB. The UEs are single antenna devices with antenna gain Gr. The

UEs on the ground are distributed in a circular area A ∈ R2 with a radius R follow-

ing the Cox point process. We assume the UAV hovers at a fixed position throughout

the transmission duration for an energy-efficient mmWaves system. Besides, in order to

boost fronthaul rates, UAV-to-UE path loss should be minimized. Therefore, UAVs are

deployed close to UEs, i.e., above the center of A at hU height, to lower the average

UAV-to-UE distance during the entire communication period.

The UAV consists of NB RF units for fronthaul communication and one RF unit for

backhaul connection. Also, on the UAV we consider two set of uniform planar arrays

(UPA), one for fronthaul transmission and one for backhaul transmission. One UPA of

dimensions
√
Nt×

√
Nt is connected toNB RF units in fronthaul to serve the UEs and the

other UPA with dimensions
√
Nb×

√
Nb is connected to backhaul unit to generate pointed
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backhaul link to the gNB. At gNB,
√
Ng ×

√
Ng array panel is used for establishing

backhaul link to the UAV. The response vector of an UPA at an azimuth angle ϕ and

elevation angle θ is given as

aT (f ,ϕ, θ) =
1√
Nt

[
1, . . . , e

−j2πd′
λc

f
fc

sin θ[(m−1) cosϕ+(n−1) sinϕ]

, . . . , e
−j2π
λc

f
fc

d′ sin θ[(
√
Nt−1) cosϕ+(

√
Nt−1) sinϕ]

]T
∈ C1×Nt

(5.1)

where f/fc is the beam squint factor at frequency f , d′ is the inter element ULA spacing,

λc is the carrier wavelength, and m and n indices represent the mth and nth antenna

element, respectively, along the x-axis and y-axis of the UPA.

Due to shadowing from buildings, the air-to-ground links between the UE and the

UAV are either LoS or NLoS links. In this work, we follow the 3GPP UMi street canyon

LoS probability model given as [105]

P =
b∏

a=0

[
1− exp

(
−hU − (a+0.5)hU

b+1

2ω2

)]
(5.2)

where b = ⌊dk
√
ξς − 1⌋, dk is the 2D distance between the UAV and the UE k, and

description of ς , ξ, and ω are given in Table 5.1. Additionally, the path loss for LoS and

NLoS link for the kth UE, at a 2D distance dk from the UAV are obtained as [5]

PLlos(dk) = aL + nL10log10(
√
d2k + h2U) +N (0,σ2

L) [dB]

PLnlos(dk) = aN + nN10log10(
√
d2k + h2U) +N (0,σ2

N) [dB].
(5.3)

Here, aL and aN are frequency dependent constants, nL and nN are path loss exponents,

and σ2
L and σ2

N are shadowing variances respectively for LoS and NLoS links. Therefore,

the linear path loss for kth UE is

PLk = 10[PPLlos(dk)+(1−P)PLnlos(dk)]/10. (5.4)

The mmWave wideband channel exhibits frequency selective fading. Therefore, the

total bandwidth B is divided into Nc narrowband channels. Further, the channel consists

of Lk ≪ Nt multipath components (MPCs). Thus, the channel between the UAV and the

kth UE over the nth subcarrier at frequency fn is expressed as

hk,n =

√
Nt

LkPLk

Lk∑
l=1

αk,n,laT(fn,ϕk,l, θk,l)
H ∈ C1×Nt (5.5)
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where αk,n,l is complex fading gain of lth multi-path component (MPC) over subcarrier

n and ϕk,l and θk,l are angle-of-arrival (AoA) of lth MPC in azimuth and elevation plane,

respectively, assumed to be uniformly distributed with angular spread of σAS
T . We assume

that UAV has perfect knowledge of all UEs’ CSI and positions.

5.2.2 Power Consumption Model

UAV power consumption comprises three main components: in transmission, in commu-

nication circuit board, and in UAV motion.

5.2.2.1 Power Consumed in Transmission

The transmission power in UAV is the total power required for data transmission, com-

posed of the power consumed in fronthaul transmission PT and the power consumed in

backhaul communication PB.

5.2.2.2 Power Consumption in RF Module

The RF transmitting module power consists of the power consumed in RF front end com-

ponents like ADC/DAC, RF mixer, and local oscillator. We denote the collection of all

these components as an RF transceiver having power consumption PRF . Phase shifters

connected to antenna elements are passive, and hence they have zero power consumption.

In addition, the power amplifiers (PAs) in RF circuit boards are energy-hungry devices

with efficiency ηPA. The power consumption values and quantities of all the components

in an RF front end are listed in Table 5.2 [80]. Therefore, the total power consumption in

a communication module is given as

PC = PT + PB︸ ︷︷ ︸
Transmission power

+ (NB + 1)PRF + ηPA(PT + PB).︸ ︷︷ ︸
Power consumed in mmWave transmission module

(5.6)

Here the term (NB + 1) represents the total number of RF chains at the UAV (NB for

fronthaul and 1 for backhaul).

5.2.2.3 Power Consumption in UAV Motion

In this work we assume static UAV position hovering at height hU . Air speed is zero

during hovering and thrust balances the UAV weight force. Therefore, the total thrust is

T = g(m1 +m2 +m3 +m4) (5.7)
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Table 5.1: Some important variable description

Acronym Description
aT UPA response vector
B Bandwidth
dk 2D distance of UE k from the UAV
dUAV−gNB UAV to gNB 2D distance
fc Carrier frequency
fn Carrier frequency of nth subcarrier
Gr Single antenna element gain of UE
G0 Single antenna element gain of UPA
hU UAV height in meters
hgNB gNB height in meters
hk UE to UAV channel of UE k

K UE population
Lk Total number of MPCs of kth UE
N0 Noise one-sided power spectral density
Nc Number of subcarriers
NB Number of RF chains/beams at UAV
Nb Total number of antenna elements at UAV for backhaul
Ng Total number of antenna elements at gNB for backhaul
Nt Total number of antenna elements at UAV for fronthaul
PLk Linear path loss of UE k

R0 Minimum UE rate (or QoS rate) requirements
αk,l Small scale fading gain of lth MPC of kth UE
ϕk,l Azimuth AoA of lth MPC of kth UE
θk,l Elevation AoA of lth MPC of kth UE
Φj Azimuth HPBW of jth beam
Θj Elevation HPBW of jth beam
ϕ̄j Azimuth steering angle of jth beam
θ̄j Elevation steering angle of jth beam
P LoS probability of a link
κ Ricean parameter
ξ Ratio of area occupied by buildings to total area
ς Mean number of building per unit area
ω Building height distribution parameter
α′ Number of rotors in rotary winged UAV
β Area of a spinning blade of UAV
ρ Air density
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Table 5.2: Power consumption of components in a RF chain.

Component Notation Power consumption
RF transceiver PRF 293 mW per RF chain [80]
Phase-shifter PPS 0 mW per antenna [106]
Power amplifiers PPA PT /ηPA

Power amplifier efficiency ηPA 47% [107]

where m1, m2, m3 and m4, respectively, represent the masses of UAV body, battery, and

solar panel, and payload, and g is the gravity. Therefore, the hovering power required for

the rotary-wing UAV is [108]

Phover =
T 3/2

√
2αρβ

=
g(
∑4

i=1mi)
3/2

√
2α′ρβ

(5.8)

where α is the number of of rotors, ρ is air density, β is the area of spinning blade.

5.3 UE Grouping and RF Precoder Design

We consider a two-stage hybrid precoder design. First, the RF precoder is designed based

on UEs’ geometric information, and then the rate performance of the system is optimized

at the baseband level. This section focuses on the RF precoder design by grouping UEs.

For this, we consider a sub-array hybrid precoder architecture in which each RF unit is

connected to a set of non-overlapping antenna elements that generates a single steerable

beam. UEs in each group are served over the wideband mmWave channel by employing

OFDMA. Let Kj denote the set of UEs in group j, where j = {1, . . . ,NB}.

Remark 5.1. We demonstrated in Fig. 2.4(b) (Chapter 2) that the system energy is max-

imized when the beam is narrowest. This is due to the fact that highly directed beams

require less power to maintain the same SNR. To that end, we adjust the beamwidth in

this chapter to maximize the UAV’s energy efficiency.

Remark 5.2. Furthermore, we observed in Fig. 3.8 (Chapter 3) that, even in the presence

of inter-beam interference, the average long-run UE rate is maximum when the number

of RF chains (equivalent to number of beams) equals the number of sectors. As a result,

we divide UE into groups equal to the number of RF chains or beams NB in this chapter.

The UAV divides the UEs into NB = Nk-means
B groups using k-means clustering, and

each group is served by one RF beam, (Fig. 5.1(a)). By activating the needed number
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(a)
(b)

Figure 5.1: (a) Illustration of UE grouping to partition UEs into Nk-means
B = 3 groups using

k-means clustering. (b) Geometric illustration of steering angles and beamwidth in azimuth and

elevation planes.

of antenna elements in the UPA, the beamwidth can be adjusted to optimize the coverage

that is sufficient enough to cover the UEs in the group. Let xm ∈ R2 denote the Cartesian

coordinates of the mth UE. Then the maximum diameter Dj of the spot covering the Kj

UEs of jth group is
Dj = max

m,n∈Kj

(||xm − xn||2). (5.9)

Thus, the UAV refines each beam’s azimuth and elevation beamwidth depending on

the UE positions within in the group to focus maximum beam radiation towards the UEs

(Fig. 5.1(b)). The half-power azimuth beamwidth Φj and elevation beamwidth Θj for jth

beam are the set as

Φj = tan−1 Dj/2

Rj

; Θj = tan−1

(
Rj

hU

)
− tan−1

(
Rj −Dj/2

hU

)
(5.10)

whereRj is the 2D distance of jth group center from the UAV.
√
NT ×

√
NT UPA is partitioned intoNk-means

B subarrays of dimensions
√
Nj×

√
Nj

such that
∑NRF

j=1

√
Nj ×

∑NRF

j=1

√
Nj =

√
NT ×

√
NT . The value of Nj is determined as

follows [109]

Nj = min

(⌈ 2.782

π sin(max{Φj,Θj}) cos(tan−1 dk
hU

)

⌉
,Nmax

)
(5.11)

where Nmax is the upper bound on the active number of antenna elements in a sub-array.

The steering direction of jth beam in azimuth and elevation plane, respectively, are

ϕ̃j = E
l,k∈Kj

(ϕk,l); θ̃j = E
l,k∈Kj

(θk,l). (5.12)
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However, the phase shifters connected to antenna elements are controlled by b bits.

Therefore, a beam can be steered in some specified direction only. The possible the

possible steering directions can range from the set F = {2πi/2b|i = 0, . . . , 2b − 1}.
Therefore, the optimal steering directions for beam j in azimuth and elevation plane are

ϕ̄j = argmax
ϕ∈F

|ϕ− ϕ̃j|; θ̄j = argmax
θ∈F

|θ − θ̃j|. (5.13)

Therefore, the analog precoding matrix A of the hybrid precoder is of the form

A = {a1, . . . , aNk-means
B } ∈ CNT×Nk-means

B . (5.14)

Here aj ∈ CNT×1 is the RF weight vector of jth beam and is independent of frequency.

For a beam steered at angle (ϕ̄j, θ̄j) RF weights for the array are given by (5.15).

aj =

e
−j 2π

λc

fn
fc

d′ sin θ̄j[(m−1) cos ϕ̄j+(n−1) sin ϕ̄j] ∀n,m ∈
[(∑j−1

i=1

√
Ni

)
+ 1 :

∑j
i=1

√
Ni

]
,

0 otherwise.
(5.15)

5.4 Subcarrier and Baseband Precoder Design with QoS
Constraint

5.4.1 Problem Formulation

In the proposed system model employing k-means clustering, the RF beams are steered

in the direction of UE clusters, thus rendering them non-orthogonal. Additionally, the

practical radiation pattern of a beam consists of sidelobes. Therefore, the UEs in group j

served by beam j will experience side-lobe interference from the sidelobes of beam i ̸= j

where j = {1, 2, · · · ,NB}.
Let Bn = diag{bjn} ∈ CNB×NB and xn = {xjn} ∈ CNB×1 ∀ denote the UAV baseband

precoder and unit energy transmit signal at nth subcarrier, respectively. Here bjn and xjn
denote the complex baseband weight and input signal, respectively, on nth subcarrier of

jth RF unit. Then the received signal over nth subcarrier at UE k served by beam j can

be written as

yk,n = hk,na
jbjnx

j
n︸ ︷︷ ︸

desired signal

+

NB∑
i=1,i ̸=j

hk,na
ibinx

i
n︸ ︷︷ ︸

inter-user interference

+zk,n (5.16)
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where zk,n is complex Gaussian noise with distributionN (0,σ2). The baseband precoder

minimizes the inter-user interference effect at the transmitter end. A receive beamforming

weight equivalent to a equalizer minimizes the inter-user interference at the UE. Let uk,n
denote the linear equalizer of kth UE at nth frequency. Then the estimated signal of UE

k is ŷk,n = uHk,nyk,n ∀k,n. Subsequently, the signal-to-interference-plus-noise ratio Γ j
k,n

of kth UE over the nth subcarrier served by beam j is represented as

Γ j
k,n =

|hk,na
jbjn|2Gr

N0B
Nc

+
∑NB

i=1,i ̸=j |hk,naibin|2Gr

. (5.17)

Therefore, the data rate of kth UE over the nth subcarrier in jth beam is

rjk,n =
B

Nc

log2(1 + Γ j
k,n). (5.18)

In this work, we consider that the backhaul link operates at the same frequency as

the fronthaul link. Since the backhaul link is aligned and narrow, we assume the UAV

backhaul antenna panel gain Gb ≈ NbG0 and the gNB backhaul antenna panel gain Gg ≈
NgG0. Let Rj

k denote the instantaneous rate of a UE k served by beam j, given by

Rj
k =

Nc∑
n=1

πj
k,nr

j
k,n (5.19)

where the variable πj
k,n = 1 if kth UE assigned nth subcarrier on jth beam; 0 otherwise.

Moreover, the backhaul capacity should be at least equal to the fronthaul sum rate, i.e.,∑
j

∑
k∈Kj

Rj
k. Then the required backhaul power is

PB =
2
∑

j

∑
k∈Kj

Rj
k/B − 1

|hB|2GbGgPLB/N0B
(5.20)

where hB and PLB are the small scale fading channel and pathloss of backhaul link,

respectively. Thus the value of PB is a function of the instantaneous fronthaul rate that

depends on the precoding, subcarrier allocation, and PT . Additionally, given a limit on

total communication module power Plimit, from (5.6) the power available for fronthaul

transmission is

PT =
Plimit − (NB + 1)PRF

1 + ηPA

− PB. (5.21)

We optimize the subcarrier and baseband precoders to maximize the sum throughput

with the specified QoS requirement R0, given NB and the accompanying RF precoder
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design. Therefore, the downlink sum rate optimization problem at the UAV is represented

as

(P1) : max
πj
k,n,B

NB∑
j=1

∑
k∈Kj

(
Nc∑
n=1

πj
k,nr

j
k,n

)

s.t. C11 :
Ks∑
k=1

πj
k,n ≤ 1, ∀n, j; C12 : πj

k,n ∈ {0, 1}, ∀k,n, j

C13 :
Nc∑
n=1

πj
k,nr

j
k,n ≥ R0 ∀k; C14 :

Nc∑
n=1

Tr(BnB
H
n ) ≤ PT .

(5.22)

In each group in an epoch, the subcarriers are allocated only to a subset of UEs k ∈ Kj

that are not in complete outage. We define kth UE to be in complete outage if with unit

power max
n∈Nc

{Γ j
k,n} < Γth. Here, Γth denote the threshold value. The above problem is

non-convex since the objective function and constraint C13 are non-convex. (P1) can

be solved used using alternating optimization method which iteratively solves for πj
k,n

while fixing B and PT , and vice versa, until convergence is obtained. However, this is a

computationally intensive procedure and may not guarantee convergence. Additionally,

the constraint C14 requires optimization of PT . This is because, as given in (5.21), PT

is a function of PB that depends on UE sum rate which in turn is an increasing function

of PT . Hence, PB and PT have positive covariance. As a result, to solve P1 the value

of PT is estimated using golden-section search method such that sum rate is maximized

while (5.21) holds. The starting value of PT is chosen by assuming negligible power

consumption in backhaul, i.e.,

PT =
Plimit − (NB + 1)PRF

1 + ηPA

. (5.23)

5.4.2 Proposed Subcarrier Allocation and Baseband Precoder De-
sign

This subsection presents the proposed approach to find optimal subcarrier allocation, UAV

baseband precoder design, and equalizer weights at the UEs to maintain QoS. The pro-

cess is divided in two steps. Initially assuming zero inter-user interference, equal power

per subcarrier, B =
√
PT/NcNBINB

, and unity equalizers at UEs, subcarriers are allo-

cated to the UEs to maximize the sum throughput while assuring minimum QoS to the

UEs that are not in a complete outage. Next, baseband precoder and equalizer weights

are estimated along with subcarrier reallocation in an iterative manner to maintain QoS.
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The baseband precoder and equalizers are designed by converting the sum rate maximiza-

tion problem using weighted MMSE (WMMSE) precoder. The cost function is used to

reallocate subcarriers.

5.4.2.1 Part 1: Initial Subcarrier Allocation

Given {A,NB}, fixing {PT}, B =
√
PT/NcNBINB

, and unity equalizers at UEs in P1,

we perform an initial subcarrier allocation to maximize the sum rate while satisfying

minimum QoS rate requirements of all UEs assuming zero inter-beam interference. To

solve this problem we use a sub-optimum approach leveraging the combination of direct

search and external point search that yields a sub-optimal solution close to the optimal

solution. In this, first the subcarriers are allocated to maximize the sum rate by relaxing

C13. This gives a solution that is not from the feasible set but acts as the initial point for

the search. Thereafter, the subcarrier allocation is adjusted on UE-by-UE basis to satisfy

constraint C13. The steps involved in are:

(i) With the consideration of B =
√
PT/NcNBINB

∈ CNB×NB and zero inter-user

interference, we calculate rjk,n ∀k,n, j using (5.17).

(ii) Because of zero inter-user interference assumption, subcarrier allocation in each

beam is carried out independently. In beam j, each subcarrier is assigned to a

UE with the best channel condition. Hence, the optimal UE assignment over nth

subcarrier in jth beam is found as

k̂n,j = argmax
k∈Kj

rjk,n ∀n, j. (5.24)

As a result, πj

k̂n,j ,n
= 1 and πj

k,n = 0 ∀k ̸= k̂n,j .

(iii) Let K′
j ⊂ Kj represent the set of UEs that violate constraint C13 from step (ii). We

employ the error minimization method to allocate subcarriers on a UE-by-UE basis

to all UEs k ∈ K′
j to satisfy C13 (unless the UE is in complete outage). The error

function is defined for all k ∈ K′
j ∀n as [68]

Ej
k,n =

rj
k̂n,j ,n

− rjk,n
rjk,n

where k̂n,j is the UE that is initially assigned to nth subcarrier on jth beam from

step (ii). The error is proportional to the reduction in overall sum rate.
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(iv) The UE k ∈ K′
j that has minimum error is allocated a subcarrier, i.e., ñ = argmin

n
Ej

k,n.

It should be noted that during subcarrier reallocation, a subcarrier ñ should not be

reassigned to the UE k if it violates the minimum rate requirements of the UE

originally allocated to ñ subcarrier., i.e, if Rj

k̂ñ,j
− rj

k̂n,j ,ñ
< R0, where Rj

k̂n,j
=∑Nc

n=1 π
j

k̂n,j ,n
rj
k̂n,j ,n

is the rate of optimal UE k̂n,j over nth subcarrier on jth beam

found using (5.24). If Rj
k ≥ R0 then K′

j = K′
j/k.

(v) Steps (iii) and (iv) are repeated until K′
j = ∅ or subcarriers cannot be further re-

assigned.

(vi) Steps (ii) and (v) are repeated for all j = {1, . . . ,NB}.

Remark 5.3. In case |Kj| > Nc, only Nc among |Kj| UEs with best channel conditions

are allocated subcarriers fulfilling their QoS rate requirements while the remaining |Kj|−
Nc UEs are considered in outage in that epoch.

5.4.2.2 Joint Baseband Precoding and Subcarrier Reallocation

Now we iteratively design UAV baseband precoder B and UE equalizer weights u and

reallocate the subcarriers. We begin with the knowledge of initial subcarrier allocation

from section 5.4.2.1. Then at each iteration by relaxing C13 we estimate {B,u} using

WMMSE precoder to maximize the sum rate.

The steps to design baseband precoder design and equalizer weights using WMMSE

are given in Algorithm 5.1. Let k∗n,j denote the optimal UE assignment over subcarrier

n on beam j. For fixed (ARF , {πj
k∗n,j ,n
}∀n,j), the optimal baseband precoders B and u =

{ujk∗n,j ,n
}∀n,j that maximizes total rate are found by solving the given problem

(P2) : max
u,B

NB∑
j=1

Nc∑
n=1

rjk∗n,j ,n

s.t. C21 :
Nc∑
n=1

Tr(BnB
H
n ) ≤ PT

(5.25)

Assuming Gaussian signaling, the rate of UE k∗n,j assigned on nth subcarrier beam in j is

rjk∗n,j ,n
= log2

(
1 + Zj

k∗n,j ,n

−1
∣∣∣h∗

n,j ,n
ajbjn

∣∣∣2) (5.26)
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where Zj
k∗n,j ,n

is the noise covariance on nth subcarrier from rest of the beams that is given

by

Zj
k∗n,j ,n

= σ2 +
∑
i ̸=j

∣∣∣hk∗n,j ,n
aibin

∣∣∣2 . (5.27)

The MMSE receiver ujk∗n,j ,n
, is given as [91]

ujk∗n,j ,n
=

hk∗n,j ,n
ajbjn

Zj
k∗n,j ,n

+
∣∣∣hk∗n,j ,n

ajbjn

∣∣∣2 . (5.28)

Applying MMSE receiver, the error at UE k∗n,j is

ejk∗n,j ,n
= E

[
(ujk∗n,j ,n

yjk∗n,j ,n
− xjn)(u

j
k∗n,j ,n

yjk∗n,j ,n
− xj[n])H

]
=

(
1 + Zj

k∗n,j ,n

−1
∣∣∣h∗

n,j ,n
ajbjn

∣∣∣2)−1

.
(5.29)

Now we transform the sum rate maximization problem P2 into weighted sum-rate

mean square error (WMMSE) minimization problem as [91]

(P3) : min
w,u,B

NRF∑
j=1

Nc∑
n=1

(
wj

k∗n,j ,n
ejk∗n,j ,n

− log2(w
j
k∗n,j ,n

)
)

s.t. C31 :
Nc∑
n=1

Tr(BnB
H
n ) ≤ PT .

(5.30)

Here, wj
k∗n,j ,n

denote the positive weight associated with the k∗n,j UE assigned on nth

subcarrier in jth RF unit. Problem P3 is convex in all the optimization variables. Hence,

the Lagrangian of P3 is given as

L =

NRF∑
j=1

Nc∑
n=1

(
wj

k∗n,j ,n
ejk∗n,j ,n

− logwj
k∗n,j ,n

)
+ ν

(
Nc∑
n=1

Tr(BnB
H
n )− PT

)
(5.31)

where ν is the positive Lagrangian multiplier. Therefore, solving for one variable by tak-

ing partial derivative of (5.31) with respect to that variable, while keeping other variables

fixed, gives a local optimal. Therefore, the optimal weights are given as

wj
k∗n,j ,n

=
1

ejk∗n,j ,n

. (5.32)
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Substituting the values of the equalizers ujk∗n,j ,n
, error ejk∗n,j ,n

, and weights wj
k∗n,j ,n

in P3 we

have the equivalence as

(P4) : max
B

NRF∑
j=1

Nc∑
n=1

log2

1 +

∣∣∣hk∗n,j ,n
ajbjn

∣∣∣2
σ2 +

∑
i ̸=j

∣∣∣hk∗n,j ,n
aibin

∣∣∣2


s.t. C31.

(5.33)

where P4 is convex in bjn ∀j,n. Consequently, we solve it using KKT to obtain

b∗j [n] =
wj

k∗n,j ,n
(ujk∗n,j ,n

)Hhk∗n,j ,n
aj

ν +
∑

iw
i
k∗n,i,n
|uik∗n,i,n

H
hk∗n,i,n

aj|2
(5.34)

where ν is the Lagrangian multiplier corresponding to C31. Substituting value of b∗j [n] in

C31, we have

Nc∑
n=1

NRF∑
j=1

∣∣∣wj
k∗n,j ,n

(ujk∗n,j ,n
)Hhk∗n,j ,n

aj
∣∣∣2(

ν +
∑

iw
i
k∗n,i,n
|uik∗n,i,n

H
hk∗n,i,n

aj|2
)2 ≤ PT . (5.35)

Here, (5.35) is a decreasing function of ν and is solved using numerical methods. There-

fore, if
∑Nc

n=1 Tr{Bn(ν = 0)Bn(ν = 0)}H ≤ PT , then B∗
n = Bn(ν = 0); otherwise ν∗ is

found using bisection search. The steps to find baseband precoder design and equalizer

of UE are given in Algorithm 5.1.

It is notable that solving for {B,u} using Algorithm 5.1 might violate minimum QoS

rate constraint C13 of some UEs. The use of penalty-based WMMSE precoder design

optimization is one technique to ensure C13 [110]. However, this approach has an ex-

tremely slow convergence rate. Therefore, we propose to jointly reallocate subcarriers to

UEs along with the re-design of {B,u} design such that QoS of UEs is maintained. The

steps are listed in Algorithm 5.2, which has a faster rate of convergence.

In Algorithm 5.2 we traverse each subcarrier one-by-one. On nth subcarrier, we find

the set of UEs Kn = {k∗n,j|R
j
k∗n,j

> R0, ∀j}. If Kn ̸= ∅ then we find the cost function at

nth subcarrier defined as

ck∗n,j ,n
= Rj

k∗n,j
− rjk∗n,j ,n

∀k∗n,j ∈ Kn. (5.36)

Thereafter, we find the UE that has the highest cost using is selected using the relation

k′n = argmax
k∗n,j∀j

ck∗n,j ,n
. (5.37)
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Algorithm 5.1 WMMSE precoder

1: Input: NRF ,π
j
k∗n,j ,n

∗
,ARF ,hk∗n,j ,n

∀k, j,n

2: Output: Bn and ujk∗n,j ,n

3: Initialize Bn = INB

√
PT /(NcNRF )

4: do
5: Find ujk∗n,j ,n

using (5.28) ∀j,n

6: Find w′
k∗n,j ,j

[n]← wj
k∗n,j ,n

using (5.32) ∀j,n
7: Find ν using (5.35)

8: Find bjn using (5.34) ∀j,n
9: Update wj

k∗n,j ,n
(5.32) ∀j,n

10: while
∣∣∣∑j log det(

∑
n w

′j
k∗
n,j ,n

)− log det(
∑

n w
j
k∗
n,j ,n

)
∣∣∣ ≤ ϵ

For the UE k′n we set πj
k′n,n

= 0 if and only if ck∗n,j
> R0; otherwise go to next

subcarrier. We also update Kn,R
j
k and re-design {Bn,un}∀n before moving to the next

subcarrier. This procedure is repeated over all the Nc subcarriers till the convergence is

achieved. The stopping criteria of this algorithm is defined when the Rj
k > R0 ∀k or each

subcarrier has at most one UE assigned to it and hence, further subcarrier reallocation is

not possible. If all the subcarriers have maximum one UE assigned on it and Kn ̸= ∅,
then the process is stopped even though C13 is not fulfilled for some of the UEs.

Remark 5.4. In Algorithm 5.2, the WMMSE method to estimate {Bn,un}∀n is executed

at most NB times per subcarrier. So, {Bn,un}∀n are estimated a maximum of NcNB

times.

5.4.3 Complexity Analysis

The complexity of k-means clustering forK UEs isO(K2). The subcarrier allocation de-

sign in Section 5.4.2.1 requires KjNc comparisons in step (ii) , (Kj − 1)Nc additions and

(Kj − 1)Nc multiplications in step (iii) to find error function, and 2N2
c comparisons for

subcarrier allocation in step (iv). Steps (ii)-(iv) are executed for j = {1, . . . ,NB}. There-

fore, the total complexity of subcarrier allocation is O(
∑NB

j=1(2(Kj − 1)Nc + KjNc +

2N2
c )). The dominant computational term in WMMSE precoder design results from the

multiplication of hk∗n,n and aj∗ terms for all the beams. Let ζI denote the iterations re-

quired for convergence of Algorithm 5.1. Then the total complexity for WMMSE pre-

coder is O(ζηζINTNBN
2
c ). Further, in Algorithm 5.2 the number of iterations of con-
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Algorithm 5.2 Joint subcarrier allocation and baseband precoder design with QoS con-

straints
1: Input: Analog precoder, Nc, {hk,n}∀n,k, NRF , R0, K, PT

2: Output: {πj
k,n}

∗,Bn, ujk∗n,j ,n
∀k,n, j

3: Initially assume zero inter-beam interference

4: Initialize Bn = INB

√
PT /(NcNRF )

5: Allocate subcarriers using steps in 5.4.2.1

6: Find Bn and ujk∗n,j ,n
using Algorithm 5.1

7: Update rjk,n ∀b and Rj
k ∀k

8: do
9: for n = 1 to Nc do

10: Find Kn = {k∗n,j |R
j
k∗n,j

> R0, ∀j}
11: while Kn ̸= ∅ do
12: Find ck∗n,j

∀j using (5.36)

13: Find k′n using (5.37)

14: πj
k′n,n
← 0 iff ck∗n,j

> R0

15: end while
16: Update rjk,n ∀k, j,n and Rj

k ∀k
17: Re-design Bn and ujk∗n,j ,n

∀j using Algorithm 5.1

18: end for
19: while stopping criteria is satisfied

vergence is limited to ζP = NcNB. Therefore, the overall complexity of proposed joint

subcarrier and baseband precoder design in Algorithm 5.2 is O(ζP ζINTNBN
2
c ).

5.5 UAV Solar Panel Design

In addition to optimal UE grouping and baseband signal processing, the UAV hardware

also impacts the overall energy efficiency of the system. To sustain UAV operation for a

longer duration we consider solar energy harvesting. When there is no solar insolation

(eclipse mode), the UAV payload consists of a battery that supplies backup power. When

solar insolation exceeds the minimum needed level, the battery is recharged using solar

panels. Let the solar insolation is available for a duration of Ts hours. During eclipse

mode of Tc duration the battery sustains the UAV operation. It is worth noticing that

solar panel has weight that increases UAV hovering power thereby reducing the energy
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efficiency of the system. This section describes the design of the UAV solar panel for a

sustainable long-term UAV operation.

The solar photovoltaic (PV) system consists of a PV array composed of solar pan-

els connected in series and parallel combinations and a maximum power point tracker

between the battery and the PV array to regulate the solar energy. The foremost require-

ment to design a PV system is to estimate the total load requirement. During the the solar

insolation period Ts, the PV system charges the battery as well as supports the UAV op-

eration. Let CB denote the battery capacity in amp-hour and µc be the battery charging

rate. Then, the total watt-hours requirement from solar panels is

TWH =
CB

µc

+ (PC + Phover)Ts. (5.38)

Thus, UAV hovering power consumption Phover from (5.8) is

Phover(WUAV ) =
W

3/2
UAV√

2gα′ρβ
(5.39)

where the total UAV weight given as

WUAV = (WB +WPV +W0) kg (5.40)

Here, WB is battery weight, WPV is PV array weight, and W0 is the sum of weight of

the different components of UAV hardware units like servomotor, engine, and RF circuit

as listed in Table 5.3. It is notable that Phover is function of WPV . On the other hand,

the value of WPV depend on Phover. Therefore, estimating solar panel size is an iterative

process which is presented in Algorithm 5.3. The calculation of battery weight WB and

solar panel weight WPV follows.

5.5.1 Battery Weight

During eclipse mode, the total UAV power consumption is PTot = PC +Phover W. Let µd

denote the battery discharging rate, Vu denote the operating voltage. Then, for the battery

to support UAV operation during eclipse mode we have

CBµdVu = TcPTot ⇒ CB = TcPTot/(µdVu). (5.41)

A battery of capacity CB is made up of small cells of capacity Cb, i.e., CB = NbCb, where

Nb is the number of cells. With per unit battery weight Wb, the total battery weight is

WB = m2g = NbWb. (5.42)
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Algorithm 5.3 Solar panel design
1: Input: µd,µc, ηs,Tc,Ts, Nb, and CB

2: Output: Nb and Nser

3: Initialize Nser = 1,P0 =∞, and Phover = 0.2818

4: while |Phover − P0| < 0.0001 do
5: P0 ← Phover

6: Find Nser using (5.44)

7: Calculate WPV

8: Update Phover by using (5.40) and (5.45) in (5.39)

9: end while

Table 5.3: UAV design specifications

Component Quantity Unit weight
Li-ion battery (Wb) Nb 0.0465 kg [111]

Solar cell (WS) Nser ×Nparall 0.0065 kg [112]
Servomotor 4 0.0098 kg [113]
Main engine 1 0.055 kg [113]
RF circuit 2 0.026 kg [113]

5.5.2 Solar Panel Weight

Number of solar cells in parallel Nparall depends on the voltage rating of a solar cell Vs,

voltage rating of the battery Vb, and the voltage rating of the UAV Vu. Therefore,

Nparall = ⌈
max(Vb,Vu)

Vs
⌉ (5.43)

The number of solar cells in seriesNser depends on UAV load and the available radiation.

Let the average radiation level per solar cell during solar insolation hours be Is W/m2/hr,

charging efficiency of PV array be ηs, and per unit area of a solar cell be As. Then, the

number of solar panels in series Nser required to satisfy estimated demand is found as

Nser =

⌈
Total watt-hour required

Watt-hour produced per cell

⌉
=

⌈
TWH

AsIsTsηs

⌉
. (5.44)

Therefore, if WS is the unit solar cell weight, then the total weight of the PV array is

WPV = m3g = NserNprarallWS. (5.45)
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5.6 Results and Discussion

This section presents the numerical results and discussion of the various results to study

the proposed system model. The results are generated in MATLAB using Monte Carlo

simulations. UEs are distributed using the Cox point process over a circular area of radius

R = 100 m. The value of other system parameters considered in the system simulation

setup are given in Table 5.4. The analysis for both mmWaves and sub-6 GHz range are

carried out. The superscript ‘mm’ denotes the mmWave parameter, and the ‘sub’ denotes

sub-6 GHz parameters.

5.6.1 Sectorization versus k-means Clustering at mmWaves

Let σspread = 360o/χ represent the angular spread of the UEs overA, where, χ ∈ (1, 360)

is the skewness parameter. When χ = 1, the UEs are uniformly distributed over 360o;

when χ = 360 the UEs are confined to an angular area of 1o and the skewness is maxi-

mum.

Further, for serving a number of UEs which is greater than the number of RF chains at

Table 5.4: Simulation parameters

Parameter Value Parameter Value
Nc 64 K 30

fc 5 GHz, 28 GHz N0 −174 dBm/Hz
Bmm 400 MHz Bsub 20 MHz
Nmm

t 64× 64 Nsub
t 12× 12

Nmm
b 8× 8 Nsub

b 2× 2

Nmm
g 8× 8 Nsub

g 2× 2

ηmm
PA 47% [107] ηsubPA 60% [114]
κmm 12.6 dB κsub 0 dB
hU 100 m dUAV−gNB 400m
hgNB 30 m ς 500 [115]
R0 {1, 2, 5, 10, 20}Mbps Nmax

B 64/NB

ξ 0.3 [115] ω 15 [115]
α′ 4 [98] β 0.045 m2 [98]
ρ 1.225 kg/m3 [98] Cb 2000 mAh
As 125× 125 mm2 Is 1.37 KWH/m2

µd 80% µc 20%

Vs 6 V Vu 12 V
Vb 12 V ηs 22%
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the UAV, we compare the proposed UE grouping using k-means with the sector based UE

grouping scheme in [31]. To form identical sectors, we the place UAV at the center of the

area A. In [31] it is shown that the lateral projection of a 3D beam can be approximated

close to a sector formation. Therefore, for the sectorization of an area, we consider that

each RF beam covers a single sector. Subsequently, the area A having total K UEs

is divided into sectors equal to the number of RF beams NB = N sector
B at the UAV,

as shown in Fig. 5.2. Therefore, the half-power azimuth beamwidth Φ and half-power

elevation beamwidth Θ are equal for all the beams and are given as

Φ =
360o

N sector
B

; Θ = tan−1

(
R
hU

)
− tan−1

(
R−R0

hU

)
(5.46)

where R is radius of area A and R0 is the interior radius beyond which no beam cov-

erage can be extended, as shown in Fig. 5.2. Hence, the
√
NT ×

√
NT UPA is divided

into N sector
B non-overlapping subarrays of equal dimensions

√
Ne ×

√
Na, where Ne and

Na denote the number of active antenna elements in elevation and azimuth plane, respec-

tively. The values of Ne and Na are determined as follows [109]:

Ne = min
(⌈ 2.782

π sin(Θ) cos(tan−1(dk/hU))

⌉
,

NT

N sector
B

)
Na = min

(⌈ 2.782

π sin(Φ) cos(tan−1(dk/hU))

⌉
,

NT

N sector
B

)
.

(5.47)

Consequently, steering directions of jth beam in azimuth and elevation plane, respec-

tively, are

ϕ̄j =
1

2

360o

Φ
+ (j − 1)

360o

Φ
; θ̄j = tan−1

(
R/2
h

)
. (5.48)

The analog precoding matrix A of the hybrid precoder is obtained by substituting these

values in (5.15).

Remark 5.5. The sectorization scheme considered in this chapter assume number of sec-

tors S equal to number of beams NB, each generated from a RF unit. Therefore, unlike

in Chapter 2 and Chapter 3, round robin scheduling is not required.

Let ∆GR = Gk-means
R − Gsector

R , where Gk-means
R and Gsector

R respectively denote the

geometric mean rate achieved with UE grouping using k-means clustering and sectoring

method. Geometric mean is given as GR = (
∏NB

j=1

∏
k∈Kj

Rj
k)

(1/K).

Fig. 5.3(a) shows the variation of ∆GR as a function of skewness parameter χ for

different number of RF units NB at the UAV. We observe that the value of ∆GR increases
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Figure 5.2: Illustration of UE grouping by partitioning the area into N sector
B = 8 sectors with each

sector served by one RF beam.

with skewness since all of the UEs are concentrated over a smaller area. In the sectoring

approach, the closely located UEs are served by number of beams N ′
B < NB that have

UEs in corresponding sectors. Therefore, it is not able to exploit full spatial multiplexing

gain. On the other hand, the proposed UE grouping with k-means clustering uses full

degree of spatial multiplexing by dividing the UEs into the available number of beams. It

is notable that, in k-means clustering the number of beams NB decides total number of

UE groups, whereas in sectoring NB decides the total number of sectors. Moreover, the

adjustable beamwidth and beam steering with k-means clustering method allows to direct

maximum energy and beam towards the UEs to maximize the sum rate. Thus, sectoring

approach is not suitable for mmWave UAV communications.

Figure 5.3: Plot of gain in geometric mean rate ∆GR achieved by using k-means clustering over

sectoring approach at mmWaves, given Plimit = 5 W and NB = Nk-means
B = N sector

B .
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5.6.2 Performance of Proposed Joint Subcarrier and Baseband Pre-
coder Algorithm

We compare the performance of the proposed joint subcarrier optimization design method,

named as ‘Proposed based design’, over a benchmark method, which we call ‘Penalty

based design’ [110]. In penalty based method subcarrier allocation and baseband pre-

coder design occurs separately. Subcarrier allocation occurs using error based method

as given in Section 5.4.2.1, and baseband precoder and equalizers are estimated using

penalty based WMMSE optimization to maintain QoS. Penalty based design optimizes

the baseband precoder such that it increases the rate of all UEs that have Rk < R0 while

decreasing the rate of UEs having Rk > R0, so that the sum rate is maximized and

the UEs in bad channel conditions achieve Rk > R0. In contrast, joint subcarrier and

baseband method (Algorithm 5.2) achieves QoS by removing a UE k′n (cf. (5.37)) that

has Rk ≫ R0 on a subcarrier and allocating it to another UE. Therefore, as shown in

Fig. 5.4(a), joint subcarrier and baseband method results in proportional rate allocation

among the UEs. Furthermore, as shown in Fig. 5.4(b), the number of iterations required

for convergence of WMMSE precoder for penalty based design is quite high.

Besides, we first designs an RF precoder followed by joint subcarrier allocation and

baseband precoder optimization. In contrast, works in the contemporary literature [116]

first assign subcarriers and then schedule UEs using joint RF and baseband precoding to

maximize sum throughput. Therefore, as a benchmark comparison we consider a system

in which UEs are assigned subcarriers while meeting a minimum QoS constraint, and then

(a) (b)

Figure 5.4: (a) Comparison of UE rates achieved with proposed joint subcarrier and baseband

design algorithm and penalty based design algorithm at mmWaves. (b) Illustration of the conver-

gence of rate of UEs with penalty based design algorithm. Here, rate convergence of only those

UEs is shown that initially had Rj
k < R0.
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(a) (b)

Figure 5.5: (a) Performance comparison of the proposed subcarrier and precoder algorithm over

the benchmark scheme [29] at mmWaves, given Plimit = 5 W. (b) Illustration of geometric mean

rate R̄ as a function of number of beams NB at mmWaves, given Plimit = 5 W, and χ = 1.

RF and baseband precoders are optimized to minimize inter-user interference. Addition-

ally, after precoding optimization power allocation is adjusted to maintain UE QoS [29].

Fig. 5.5(a) shows that our proposed subcarrier allocation and precoding scheme offers a

significantly higher GR than the benchmark scheme over different values of χ. This is

because in a benchmark system, the UE with the best channel receives the maximum rate

while the rest of the UEs receive the minimum rate, resulting in poor UE fairness GR.

5.6.3 Optimal NB Selection at mmWaves

As the number of beams increases, the power per beam decreases, and the RF power

waste increases as given by (5.6). On the other hand, an increasing number of beams

allows enhanced spatial multiplexing and narrow beams of higher directivity to cover the

same set of UEs. As a result, the power requirements for UAVs and the achievable rates at

mmWaves depend on NB. Given Plimit, GR is a concave function of NB, as seen in Fig.

Figure 5.6: Plot of optimal N∗
B value as a function of available power Plimit for transmission

module at UAV at mmWave range for χ = 1.
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5.5(b). Thus, there exists an optimal number of beams that provide the best performance

while ensuring that all UEs receive minimum rate support. We estimate optimal N∗
B in

this chapter by solving P1 for different values of NB. The value of NB determines the

number of UE groups that can be formed and the RF precoder design that accompanies it,

as discussed in Section 5.3. Subcarrier allocation and baseband precoder are designed as

described in Section 5.4.2 for each value of NB. Furthermore, we investigate the optimal

number of beams selection at UAV using the geometric mean rate measure. The choice

of NB is also influenced by R0. The value N∗
B drops as R0 is increased.

Further, Fig. 5.6 shows that for a given value of NB, the value of GR increases as

Plimit increases, which is quite intuitive. On the other hand, the optimal N∗
B is a non-

linear function of Plimit. To this end, operating at the optimal number of RF units N∗
B for

maximum performance gain is crucial for a long-term UAV operation.

5.6.4 Analysis of Solar Panel Design at mmWaves

We also investigate the solar design aspects for a comprehensive view. As discussed in

Section 5.5, the weight of a UAV increases with the number of solar cells, thus requiring

more hovering power that corresponds to an increased solar panel size to sustain UAV

operation. This is illustrated in Fig. 5.7 (a). We set PTot = 5 W, Ts = 8 hours, Tc = 16

hours for this simulation result, and the remainder of the design parameters are listed

in Table 5.4. Fig. 5.7(b) shows the reduction in energy efficiency during eclipse mode

because of additional weight of solar panel that increase Phover, and hence resulting in

reduced power available for the communication module. The curves in Fig. 5.7(b) are not

(a) (b)

Figure 5.7: (a) Convergence of Phover and Nser when PTot = 5 W. (b) Illustration of energy

efficiency of UAV with and without considering solar panels weight optimization.



5.6 Results and Discussion 119

smooth because the number of solar panels is an integer variable. Also, as shown in Fig.

5.7(b) UAV is energy efficient when it is operated at PTot = 5 W.

5.6.5 UAV Communication Performance Comparison at Sub-6 GHz
Versus at mmWaves

We also study the UAV performance and power requirements at the sub-6 GHz range for

a comprehensive analysis. In simulations, we keep same antenna aperture for both the

sub-6 GHz and mmWave systems. Hence, when Nmm
t = 64 × 64 at mmWaves then

Nmm
t = 12 × 12. Also, 3GPP new radio (NR) defines a sector of 60o ∼ 65o beamwidth

in sub-6 GHz range. Therefore, in this work we consider N sub
B = 6.

Notably, higher frequencies allow packaging of many antenna elements, thereby pro-

viding high beam gain and reduced transmit power. Moreover, a dedicated antenna panel

with a large number of antenna elements is used at mmWaves to generate a pointed back-

haul link. Along with that, mmWave operation offers bandwidth of around 400 MHz.

As a result, the backhaul power at mmWaves is significantly less, on the order of mW.

Consequently, more power is available for fronthaul transmission. In contrast, sub-6 GHz

allows a small number of antenna elements resulting in low beam gain and thus, requiring

high transmit power. Additionally, sub-6 GHz requires high power in backhaul PB (Fig.

5.8) and thus reduced power available for fronthaul communication. Therefore, as shown

in Fig. 5.8, the geometric mean rate GR is higher at mmWaves than at sub-6 GHz range

for the same power budget Plimit. Further, the value of PB limits the overall fronthaul rate

at sub-6 GHz. For example, when the total backhaul rate is 0.4 Gbps in sub-6 GHz range,

PB is as high as 8.45 W.

Figure 5.8: Comparison of R̄ at sub-6 GHz and mmWaves at the UAV as a function of Plimit and

illustration of PB at sub-6 GHz. Here, χ = 1, R0 = 1 Mbps, N sub
B = 6 , and Nmm

B = N∗
B (the

optimal value that gives best performance at mmWaves).
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5.7 Summary

This chapter has demonstrated that low-altitude UAVs serving multiple UEs via OFDMA

at mmWaves offer more than double the rates achieved at sub-6 GHz frequency for the

same UAV power budget. This gain is due to increased gain from large antenna arrays

and high bandwidth at mmWaves. It is also shown that grouping UEs using k-means

clustering and adjusting beam coverage to target maximal radiation on the UEs is superior

to sectorizing the area from both rate and energy efficiency perspective.

Accordingly, an RF precoder for the sub-array hybrid precoder architecture is de-

signed. A combined subcarrier and baseband precoding technique is also proposed for the

sub-array hybrid precoding architecture. It has a faster convergence rate and provides fair

rate allocation to the UEs while meeting the minimum rate guarantee. To design base-

band beamforming weights and equalizers, WMMSE method has been used to reduce

inter-beam interference. It is also verified that with a given power budget, increasing the

number of RF chains does not necessarily increase the system performance as the asso-

ciated power waste in the RF circuitry increases. Moreover, the number of beams should

be optimized for a sustainable operation for energy-constrained UAV-assisted commu-

nications at mmWaves. Finally, aiming at long-term UAV-assisted communications at

mmWaves, the battery capacity and solar panel have been jointly optimized for the solar-

powered UAV acting as an ambient powered 3D wireless base station.
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Chapter 6

Reduced Complexity Beamforming for
RIS-assisted Indoor mmWave
Communications

6.1 Introduction

mmWave signals are easily obstructed by objects such as buildings, walls, metals, and

so on. In an outdoor environment, a UAV can be used as an airborne base station to of-

fer service to obstructed UEs, as discussed in the preceding chapter. However, a UAV

cannot be operated indoors. In this chapter, we look at mmWave communication in an

obstructed indoor environment. Indoor wireless communication is also expected to ben-

efit from mmWave technology. However, a large number of access points (APs) must be

deployed to provide complete coverage in indoor mmWave communications. Since, the

cost of deploying a dense network at mmWave is quite large thus, increasing the number

of APs beyond a certain limit is not feasible. To this end, several studies have investigated

the use of low cost passive RISs to improve indoor coverage and proposed various joint

transmitter and RIS beamforming designs to maximize spectral and energy efficiency of

the system [117, 118].

Another contemporary technology is backscatter communication that will play a cru-

cial role in the development of smart indoor environments in near future by connecting

low-power wireless devices. By leveraging the existing backscatter infrastructure, the

performance of an indoor mmWave communication system can be improved without in-

curring any extra capital cost. The tags, when in idle mode, can be used to create a
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additional LoS link at mmWave range between the AP and the legacy UE. The investiga-

tion in [35] of employing backscatter devices with MIMO systems to create an artificial

rich scattering was performed at sub-6 GHz with single antenna tags, and transmitters and

receivers employed digital beamforming with an equivalent number of RF chains as the

number of antenna elements.

Therefore, towards achieving a low cost and low power adaptive backscatter environ-

ment for high data rate indoor communication at mmWaves, we consider the AP as well as

the UE are equipped with a single RF chain connected with the respective antenna array.

All devices at mmWave range, including AP, UE, and tags, have several antenna elements

to combat high attenuation. Consequently, in this chapter, the multi-antenna tags-assisted

mmWave communication system is analogous to distributed RIS-assisted mmWave com-

munication system, in which the multi-antenna backscatter devices are essentially the

same as small sized RISs distributed over an area.

Furthermore, similar to RIS, the reflection coefficient vector of multi-antenna tags

can be optimized using CSI or angular information estimated during beam training [36].

However, it is computationally difficult to estimate the exact CSI of the cascaded channel

between the AP, tag and UE. Therefore, we use the angular information to optimize the

weights at the tags. For this, we need to estimate angle ϕ between a tag and the UE and

the angle ϕ′ between the AP and a tag. The traditional sub-spaced based algorithms, such

as MUSIC and estimation of signal parameters via rotational invariance (ESPRIT), and

others are incapable of estimating the angle with a single RF chain [119]. This is because

these algorithms require the same number of RF chains as the number of antenna elements

to determine spatial correlation. The works in [120] and [121] used the retro-reflective

property for localization and beamforming in backscatter communication at mmWave

range. When an antenna array is configured in retro-reflective mode it reflects the signal

back in the same direction. Therefore, ϕ and ϕ′ can be estimated independently at UE

and AP end, respectively, without depending on the cascaded channel information. And

this information can be exchanged with tags over sub-6 GHz for optimizing the tags’

coefficients. Moreover, the size of the antenna array connected to a single RF chain at

the AP or/and UE affects the performance of backscatter assisted communications. This

is so because with increasing array size, the error in angle estimation decreases while

the number of effective tags falling within a beam reduces. Therefore, it is interesting to

investigate system performance at mmWaves in relation to antenna array size.
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6.1.1 Contributions

The key contributions of this chapter are as follows.

• A novel backscatter-assisted indoor mmWave communication system is proposed

and investigated, in which AP and UE are each equipped with a single RF chain

connected to an antenna array, and each passive tag has multiple reflecting ele-

ments.

• For UE with unknown coordinates, a ML based AoA estimator is proposed to esti-

mate the direction of arriving signals from all the tags that are configured in retro-

reflective antenna mode. The initial AoA estimate is obtained using orthogonal

matching pursuit (OMP) algorithm. Thereafter, the tags’ reflection coefficients are

optimized based on the estimated angles. Furthermore, the CRLB of the estimator

is also derived.

• Different methods for determining optimal beam steering direction at the UE are

also investigated. Additionally, the performance of backscatter-assisted indoor

mmWave communication system is compared to that of a single RIS-assisted in-

door mmWave communication system for different antenna array sizes at the UE.

6.1.2 Chapter Organization

The chapter organization is as follows. The system model is presented in Section 6.2.

Link establishment procedure is presented in Section 6.3 and the AoA estimation along

with its CRLB are presented in Section 6.4. The steering vector of is optimized in Section

6.5. The simulation results are presented in Section 6.6, and the summary is presented in

Section 6.7.

6.2 System Model

Consider a wideband system having an AP, a mobile UE, and T backscatter tags in a

2-D scenario, as shown in Fig. 6.1. The LoS path between the AP and the mobile UE

is completely blocked by a wall. The AP and UE are equipped with a broadside ULA,

having NAP and NU antenna, respectively, placed along the y-axis. Both AP and UE are

equipped with a single RF chain. The tags are distributed homogeneously with density λ
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tags/m2. Also, as the tags are passive devices, each tag is assumed to have NT reflecting

elements placed along y-axis.

Let the wideband channel of bandwidth B be divided into Nc subcarriers. Let the

AP transmits signal x[n] of power P through its ULA steered at an angle ΩAP , where

n = {1, . . . ,Nc}. Then the signal received at the UE via ith tag over nth subcarrier

is [36]

yi[n] = bH(ΩU)H i[n]Γ iGi[n]b(ΩAP )[n]x[n] + zi[n] (6.1)

where Gi[n] is the downlink channel from AP to ith tag and H i[n] is the downlink chan-

nel from ith tag to UE over nth subcarrier. b(ΩAP ) and b(ΩU) are analog steering vector

of AP steered at an angle ΩAP and analog combiner of UE steered at an angle ΩU , re-

spectively. zi[n] is noise variable with distribution N (0,σ2). Γ i ∈ CNT×NT denotes the

reflection coefficient matrix of ith tag which is of the form

Γi = diag{ζejνi,1 , . . . , ζejνi,NT }. (6.2)

In (6.2), ζ represents the amplitude attenuation and νi,m represents the phase shift of the

mth reflecting element of ith tag. The array steering vector of a ULA having N antennas

at the angle Ω is given as

b(Ω) =
1√
N

[
1, e−j 2πd′

λc
sinΩ . . . , e−j 2πd′

λc
(N−1) sinΩ

]T
∈ CN×1 (6.3)

where λc is the carrier wavelength and d′ = λc/2 is the inter element spacing. Consider-

ing only LoS path, the mmWave channel over a subcarrier between AP and ith tag, and

$$T_2$$

$$T_2$$

$$T_2$$$$T_2$$

Figure 6.1: Illustration of backscatter-assisted mmWave communications system model with tags

configured in retro-reflective mode.
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between ith tag and UE, respectively, are

Gi[n] =
√
NTNAPgiq(n, τg)aR(ϕi,g)a

H
T (θi,g) ∈ CNT×NAP

H i[n] =
√
NTNUhiq(n, τh)aR(ϕi,h)a

H
T (θi,h) ∈ CNU×NT

(6.4)

where gi and hi are distance dependent Ricean faded channel gain of AP-ith tag chan-

nel and ith tag-UE channel, respectively. q(n, τ) = e−j2π(n−1)∆fτ is phase shift at nth

subcarrier with delay τ . τg and τh are path delay of AP-ith tag channel and ith tag-UE

channel, respectively. ∆f is the subcarrier bandwidth, ϕi,g is AoA at ith tag from AP,

θi,g is angle-of-departure (AoD) of AP to ith tag, ϕi,h is the AoA at UE from ith tag, and

θi,h is AoD of ith tag. Here, aT(·) and aR(·) are respectively transmit and receive array

manifold. The array manifold of a ULA having N antennas at an angle ω is as

a(ω) =
1√
N

[
1, e−j 2πd′

λc
sin(ω) . . . , e−j 2πd′

λc
(N−1) sin(ω)

]T
CN×1. (6.5)

Note, AoAs’ and AoDs’ are measured with respect to the broadside of an ULA. As-

suming that the reflecting surface of all the tags face the UE and the plane of reflecting

surface of tags lie in the plane of UE’s ULA, we have ϕi,h = θi,h = ϕi. Similarly,

ϕi,g = θi,g = ϕ′
i. Therefore, the signal received at UE from T tags over a subcarrier n is

y[n] =bH(ΩU)
T∑
i=1

H i[n]ΓiGi[n]b(ΩAP )x[n] + z[n]

=NT

√
NAPNUb

H(ΩU)

(
T∑
i=1

higiq(n, τh)q(n, τg)

aR(ϕi)a
H
T (ϕi)ΓiaR(ϕ

′
i)a

H
T (ϕ′

i)b(ΩAP )x[n]

)
+ z[n]

(6.6)

Since the beams of the tags do not point to each other so the signal bouncing from tag to

another can be considered to be very weak and is thus ignored. Therefore, the achievable

downlink rate over Nc subcarriers is

R =
Nc∑
n=1

B

Nc

log2

(
1 +

y[n]yH [n]

σ2

)
. (6.7)

In this paper, we assume that the UE is mobile. Hence, its relative location from the

tags is unknown. Therefore, to establish a link between the AP and the UE we need to

optimize {Γ i}∀i, ΩAP and ΩU . In a given indoor communication scenario, the location

of AP and tags are fixed. Since the AP has high processing capabilities therefore, for
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analysis simplicity we assume that the channel Gi is known a prior. Thus, {ϕ′
i}∀i for all

i = {1, . . . ,T} and ΩAP , are known perfectly at the AP and tags. Hence, in this paper

we only estimate {ϕi}∀i and based on that optimize ΩU and {Γ i}∀i.

6.3 Link Establishment Procedure

The complete link establishment process is divided into three phases as shown in Fig.

6.2. In first phase, denoted by angle estimation phase, all the tags are configured in retro

reflective mode. Therefore, an incident signal get reflected in the same direction. Further,

a UE equipped with a ULA having NU antenna elements generates a narrow directional

beam. Subsequently, the 2π angular area around the UE is divided in S identical sectors

of angular width equal to the HPBW of the beam which is 2/NU radians. In each sector,

UE transmit pilot symbols that are reflected by Ts tags falling within the sector. The UE

employs maximum likelihood estimator to estimate the ϕi of the reflected signals from Ts

tags.

In the second phase, denoted by feedback phase, using sub-6 GHz control plane the

UE obtains unique identification number of each tag and then feedback the estimated an-

gle ϕ̂i information to the respective tag. In the last phase, called optimization phase, each

tag optimizes its Γ i corresponding to the estimated ϕ̂i and ϕ′
i to direct the incident sig-

nal from AP to the UE. Moreover, using information of estimated direction between UE

and tags, the UE optimizes its beam steering direction to achieve maximum rate support.

Thereafter, the data transmission phase begins.

• The area is divided in non-overlapping sectors with 

sector width equal to beam HPBW = 2/𝑁𝑈 radians

• Tags are configured in retro-reflective configuration

• In 𝑠𝑡ℎ sector, user send pilot symbols and using 

ML+OMP estimator it estimates the AoA 𝜙𝑖 from  

𝑖 = 1, . . 𝑇𝑠 tags falling within the sector

Angle 
estimation 

phase

• User feedbacks 𝜙𝑖 information to the respective tagsFeedback

phase

• Each tag optimizes its reflection vector 𝚪𝑖 based on  𝜙𝑖

to create virtual path between AP and user

• Based on 𝜙𝑖 ∀𝑖
, user finds best steering direction Ω∗

Optimization
phase

Figure 6.2: Flowchart for link complete virtual link establishment between AP and UE.



6.4 AoA Estimation 127

6.4 AoA Estimation

This section deals with estimation of AoA of the reflected signals from all the tags at the

UE. It is not possible to use a sub-spaced based algorithm since a ULA coupled to an RF

unit only provides one measurement. Therefore, we propose employing an ML estimator

to estimate {ϕi}∀i at the UE equipped with a single RF chain.

We use ULA based geometry to design the tag reflection coefficient matrix Γ based

only on angular information. Then, to reflect an incoming signal having incident angle ωi

to a direction an angle ωr, the phase shift of the mth reflecting element in Γ i for ith tag

given as [120, 121]

νi,m = (2πd′/λc)(m− 1)(sinωi − sinωr). (6.8)

During AoA estimation phase, all tags are assumed to be in a retro-reflective configura-

tion, meaning that the angle of reflection at each tag is equal to the angle of incidence,

i.e., ωr = ωi. As a result, the a signal transmitted by a UE at an angle ϕ towards a tag is

received back from the same direction, providing spatial filtering and thus, Γ i = ζINT
.

The UE estimates the AoA from T tags by sequentially estimating AoA from Ts at a time

that falls within a sector s, where s = {1, . . . ,S}. To estimate Ts AoAs in a sector s, the

UE sweeps each sector in L′ directions by varying its steering angle Ω in steps of ∆ with

the sector s, i.e.,

Ω ∈
{
2(s− 1)

NU

+∆, . . . ,
2(s− 1)

NU

+ L′∆

}
≡ Ω (6.9)

where ∆ = 2π/2b. Here, b represents the number of quantization bits.

Let the UE transmit same pilot signal x of power P over all Nc subcarriers through its

beam steered at an angle Ωl ∈ Ω. Then the RF signal received at the antenna array of ith

tag is

yl[n] = H i[n]b(Ωl)x. (6.10)

Owing to channel reciprocity, the uplink channel between UE and ith tag is

H ′
i[n] =

√
NTNUhiq(n, τh)aR(ϕi)a

H
T (ϕi) ∈ CNT×NU . (6.11)

Reflected signal from all tags are received by the UE using the same beam steered at
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Ωl. Therefore, assuming perfect self interference cancellation, the received signal is

yl[n] =bH(Ωl)
Ts∑
i=1

H ′
i[n]Γ iH i[n]b(Ωl)x+ zl[n]

=NTNUb
H(Ωl)

(
Ts∑
i=1

(hiq(n, τh))
2aR(ϕi)a

H
T (ϕi)Γ i aT(ϕi)a

H
R (ϕi)b(Ωl)x

)
+ zl[n]

(6.12)

where zl[n] ∼ N (0,σ2). Since Γ i = ζINT
, (6.12) reduces to

yl[n] =NTNUb
H(Ωl)

Ts∑
i=1

(hiq(n, τh))
2aR(ϕi)a

H
R (ϕi)b(Ωl)x+ zl[n]. (6.13)

It is notable that in (6.13) aR(ϕi) = a(ϕi)N=NU
. Further, let βi[n] = NTNU(hiq(n, τh))

2

and β[n] = [β1[n], . . . βTs [n]]
T . Then

yl[n] =
Ts∑
i=1

bH(Ωl)a(ϕi)a
H(ϕi)b(Ωl)βi[n]x+ zl[n]

= (bH(Ωl)A⊙ (AHb(Ωl)
T )β[n]x+ zl[n].

(6.14)

Here A = [a(ϕ1), . . . a(ϕTs)] ∈ CNU×Ts and ⊙ denotes element wise product. Let

β̄ = {β[1], . . . ,β[Nc]} ∈ CTs×Nc . Then the received signal vector over all subcarriers is

yl = (bH(Ωl)A⊙ (AHb(Ωl))
T )β̄x+ zl ∈ C1×Nc . (6.15)

Over all L′ steering directions in a sector sweep, the received signal is

Y = (BHA⊙ (AHB)T )β̄x+ Z ∈ CL′×Nc ≡ D̄β̄ + Z (6.16)

where B = [b(Ω1), . . .b(ΩL)] ∈ CNU×L′ and Z ∈ CL′×Nc is the noise matrix. (6.16) is

the sum of reflected signals coming from only a small number of directions. Hence, the

solution to AoA estimation at the UE is sparse. Therefore, in each sector s, we employ

ML estimator to recover Ts directions of arrival {ϕi}. Let ϕ = {ϕ1, . . . ,ϕTs}, then the

ML estimator for sector s is represented as

(P1) : argmin
ϕ

∥Y −DD†Y∥2

s.t. 2(s− 1)/NU ≤ ϕi ≤ 2s/NU ∀i = {1, . . . ,Ts}.
(6.17)

Here, D† represents Moore–Penrose inverse of a matrix D. Each column of dictionary

matrix D ∈ CL′×Ts is given as

d(ϕ) = BHa(ϕ)⊙ (aH(ϕ)B)T . (6.18)



6.4 AoA Estimation 129

Algorithm 6.1 OMP
1: Input: i = 0, ri = Y, d(ϕ), δ = 0.001

2: Output: {ϕ1, . . . ϕTs}
3: Initialize

4: do
5: ϕ∗ = argmax

ϕ∈Φ
∥d(ϕ)Hri∥

6: Update ϕe = ϕe ∪ ϕ∗

7: Increment i

8: Q = d(ϕe)d(ϕe)
Hd(ϕe))

−1d(ϕe)
H

9: ri = (I−Q)Y

10: while i ≤ Ts and ri ≥ ϵ

Problem (P1) is non-convex. Therefore, we find local minima around an initial estimate.

We procure the initial estimate of AoAs using OMP estimator [122]. For analytically

simplicity, we assume that the number of tags falling within the beam’s coverage area Ts
is known a priori. The steps of the OMP estimator are given in Algorithm 6.1.

Therefore, from (6.8), the mth optimal reflecting coefficient of ith tag is given as

ν∗i,m = (2πd′/λc)(m− 1)(sinϕ′
i − sin ϕ̂i) (6.19)

where ϕ̂i is the estimated AoA at UE from ith tag.

6.4.1 CRLB Analysis

Next, we derive the lower bound on the AoA estimation using CRLB. From (6.14), the

received signal over L′ snapshots on nth subcarrier within a sector s is

y[n] = µ[n] + z[n] (6.20)

where µ[n] denotes the noiseless part of received signal. Let the vector of unknown

parameters in (6.20) over a subcarrier n is given by η = [ϕ,Re{β}, Im{β}] ∈ C3Ts×1.

Subsequently, for I snapshots, the FIM J(η) ∈ R3Ts×3Ts for sth sector is defined

as [72]

J(η) =
2

σ2

I∑
i=1

Nc∑
n=1

Re

{
∂[µ[n]]i
∂η

(
∂[µ[n]]i
∂η

)H
}

(6.21)
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where

∂[µl[n]]i
∂ϕk

= −j 2πd
′

λc

βk[n] cosϕk

NUNU

Nu∑
n=1

Nu∑
m=1

(m− n)e−
j2πd′
λc

(m−n)(sinϕi−sinΩl)x

∂[µ[n]]i
∂Re(βk[n])

= (BHa(ϕ)⊙BHa(ϕ))x

∂[µ[n]]i
∂Im(βk[n])

= j(BHa(ϕ)⊙BHa(ϕ))x.

(6.22)

Using (6.21), the Angle Error Bound (AEB) of ϕk is

AEB =
√

diag[J−1(η)]k,k. (6.23)

Thus, AEB is the lower bound on ϕk estimate.

6.5 Steering Vector Optimization

Following AoA estimation at the UE and optimization of tag reflection coefficients, as

discussed in the previous section, in this section we optimize the analog combiner at

the UE. Since a UE only has one RF unit connected to a ULA, optimizing the analog

combiner is equivalent to determining the best steering direction. Below we describe the

various schemes for optimizing UE steering direction.

• Sectoring scheme: As discussed in Section 6.4, area around the UE is divided into

S sectors. So, a codebook is made up of fixed steering vectors corresponding to

steering angles in ΩS = {(2s− 1)/NU |s = {1, . . . ,S}} radian. Then, the optimal

UE steering angle is Ω∗ = argmax
Ω∈ΩS

R(Ω), where R(Ω) denotes the rate achieved

by UE when its beam is steered at direction Ω.

• Grouping scheme: The tags are grouped using k-means clustering. Given NU ,

the number of clusters is equal to the number of sectors with at least one tag i.e,

k =
∑|ΩS |

s=1 πs where πs = 1 if Ts ≥ 1; 0 otherwise. Further, the steering angle Ωg

of the gth cluster is equal to the median of all the AoAs in group g. Therefore, the

set of steering angles is ΩG = {Ωg|g = {1, . . . , k}}. Consequently, optimal UE

steering direction is Ω∗ = argmax
Ω∈ΩG

R(Ω).

• Exhaustive scheme: This scheme is similar to sectoring except that there are E

scanning directions separated by δϕ = 2π/E radian intervals regardless of beamwidth.



6.6 Results and Discussions 131

Therefore, the set of all steering directions in the codebook is ΩE = {0, δϕ, . . . , (E−
1)δϕ}. The optimal beam direction at UE is the found as Ω∗ = argmax

Ω∈ΩE

R(Ω).

A comparative analysis of all the above discussed schemes is presented in the following

section.

6.6 Results and Discussions

In this section, we present the numerical results obtained from MATLAB Monte Carlo

simulations. Table 6.1 lists the values of various simulation parameters used. In addi-

tion, we use the thinning method to simulate the non-homogeneous tag distribution, with

thinning intensity equal to 3 [124].

Fig. 6.3 shows the root mean squared error (RMSE) of the proposed AoA estimator

and compares it to the AEB for various NU values. Notably, a higher value of NU results

in a narrower beam, reducing the effective number of tags and hence total number of

reflecting elements N̄T that contribute to virtual paths between the AP and the UE, as

shown in Fig. 6.4. As illustrated in Fig. 6.3(a), with NU = 16 and λ = 1 tags/m2,

only one tag falls within a sector on average, and the RMSE reaches the AEB at high

SNR values. The average number of tags per sector increases to two and three when

Table 6.1: Simulation parameters

Parameter Variable Value
Length of room L 5m
Width of room W 10 m
Carrier frequency fc 28 GHz
Number of subcarriers Nc 30

Bandwidth B 100 MHz
Bits b 10
Rician fading parameter κ 18 dB
Noise power spectral density N0 −174 dbm/Hz/s
Reflection amplitude attenuation ζ 0.5

Number of reflecting elements at tag NT 8
Number of antenna elements at AP NAP 4
Wall tip 2D coordinates [xW , yW ] [1.44,L/2] m
AP 2D coordinates [xAP , yAP ] [0,L] m
RIS 2D coordinates [xR, yR] [W/2,L/2] m
AP transmit power P 33 dBm [123]
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Figure 6.3: RMSE and AEB of proposed AoA estimator.

NU = 12 and NU = 8, respectively. Subsequently, the RMSE also increases, as shown

in Fig. 6.3(b) and Fig. 6.3(c). There are two reasons for the increase in RMSE. First,

the correlation in the OMP algorithm decreases as the number of closely located tags Ts
increases. Furthermore, OMP is a residue-based algorithm. Therefore, the error in initial

AoA estimate of first tag propagates into the initial AoA estimate of second tag, and so

on. Moreover, because the ML estimator is non-convex, we can only find local minimums

near the initial points. As a result, the output of ML estimator is affected by the initial

AoA estimates obtained from OMP algorithm. Fig. 6.5 illustrates the reduction in rate at

the UE when using erroneous estimated AoAs to design tags’ reflection coefficients and

combiner at UE as compared to using exact AoAs.

Following that, we compare the data rate obtained with tags for three different UE

beam steering strategies discussed in Section 6.5. We also compare the results to those

obtained when a fixed linear RIS is used to assist the communication between the AP

and blocked UE. Since the location of UE is unknown hence, in simulation we consider

RIS coordinates as [W/2,L/2] to provide coverage at all points behind the wall. For a

fair comparison, we take the number of reflecting elements at RIS to be equal to N̄T .

Additionally, we compare the results with another scheme in which the tags have random

Γ i and UE beam sweeps the area in a round-robin fashion. As a result, no initial angle

estimation, feedback, or reflection coefficient optimization are required.

Figure 6.4: Average number of reflecting elements N̄T aiding AP to UE communication when

tags are distributed homogeneously and non-homogeneously with λ = 2 and NT = 8.
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Figure 6.5: Reduction in rate when using estimated AoAs as compared to using true AoAs to

design tags’ reflection coefficients and UE steering direction in case of homogeneously distributed

tags.

Fig. 6.6 depicts the rate achieved with different schemes for different simulation sce-

narios. As illustrated, the achievable rate with sectoring, grouping and exhaustive search

schemes improves with NU despite the fact that average number of reflecting elements

N̄T decreases as NU increases. This is because of higher array gain at UE and lower

RMSE of the AoA estimator at higher value of NU . Moreover, Fig. 6.6, shows that using

tags distributed over an area gives better rate support than using a single RIS with having

N̄T number of reflecting elements. Further, at high value of NU and small value of N̄T ,

rate achieved by using random weights at tags approaches the rate achieved using RIS, as

shown in Fig. 6.6(a) and Fig. 6.6(d).

Figure 6.6: Comparison of achievable rate with different schemes for homogeneously distributed

and non-homogeneously distributed tags.
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6.7 Summary

In this chapter, a strategy has been proposed to utilize the existing backscatter infras-

tructure to provide connectivity to a blocked UE with unknown coordinates in an indoor

mmWave communication system. First, by configuring the tags in retro-reflective mode,

a novel method has been proposed for estimating the AoA from tags to the UE. Follow-

ing that, a joint OMP and ML estimator has been proposed to estimate the AoAs at the

UE equipped with a single RF chain. It has been observed that at a sufficiently high

SNR and a large number of antenna elements at the UE, the estimator’s RMSE reaches

AEB. This condition deteriorates with decreasing ULA size of the UE. Furthermore, the

UE steering direction and tag weights are optimized to maximize the UE’s achievable

rate. The findings has demonstrated that the existing backscatter infrastructure can sup-

port mmWave communications while providing improved gains over that achieved using

a single RIS with an equivalent number of reflecting elements as at the tags. Although few

tags contributes to the less number of paths between AP and UE, a narrow beam of high

gain nevertheless achieves a higher gain in both homogeneous and non-homogeneous tag

distribution cases.

The primary goal of this chapter has been to demonstrate the potential for using tags

to enhance the performance of UEs. However, the AoA estimator utilized in this study

was based on the assumption that the plane of the UE’s ULA and the plane of the tags’

reflecting elements were parallel to each other. This assumption may not always hold

true in practical scenarios. Therefore, there is a need for a more general AoA estimator

that can accurately detect the AoA of LoS links, regardless of the orientation of the ULA.

Additionally, a protocol for exchanging control information regarding AoA between the

tags and AP, as well as between the UE and the tags, over sub-6 GHz band, must be

designed.
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Chapter 7

Concluding Remarks and Future Works

7.1 Concluding Remarks

In this dissertation, several energy-efficient and spectrally-efficient reduced complexity

frameworks with a constraint on the number of RF chains have been presented to serve

users over wideband mmWave channel in different standalone mmWave communication

systems. The frameworks have been investigated by studying the interplay of various

factors for beamforming optimization at mmWave range.

First, a multi-user wideband mmWave terrestrial standalone communication system

has been explored. In this context, a sectored-cell framework has been suggested to ser-

vice a large UE population with a single RF chain generating a directional beam that

serves the sectors in a round-robin method. For the proposed sectored-cell framework,

the effect of UE localization error, UE population, and UE distribution on the selection of

optimal beamwidth (equivalent optimal cell sectorization) for maximizing the UEs’ QoS

has been studied. The results reveal that, while narrow beams have a better spatial reuse

factor and energy efficiency, they do not always attain the best average long-run UE rates

in both homogeneous and non-homogeneous UE distribution scenarios. Furthermore, the

localization error does not alter the beamwidth selection for the case of static UEs.

Further, the sectored-cell framework developed in Chapter 2 has been analyzed when

multiple analog beams concurrently serve different sectors of a cell. While taking into

account inter-beam sidelobes interference and beam squint, the optimal beamwidth and

optimal number of RF chains has been estimated for different homogeneous UE popu-

lation. For the case of non-homogeneous UE distribution, the sector sojourn time has

been optimized with the granularity of 1 OFDM symbol to improve UE fairness and QoS.
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Moreover, to optimally utilize the wide bandwidth and reduced latency in initial access,

a modified initial access along with a variable time frame structure has been proposed for

the sectored-cell framework with TTI as small as 1 OFDM symbol. For efficient band-

width utilization the proposed variable time frame structure also allows for simultaneous

transmission to connected UEs and initial access for new UEs trying to connect to the

network. The sectored-cell framework in conjunction with variable time frame struc-

ture showed good performance gain in case of skewed UE distribution. With extensive

simulation studies it has been shown that besides avoiding high signaling and compu-

tational complexity of beamforming of existing methods like SVD, OMP, and JSDM,

among others, the sectored-cell framework offers improved QoS and UE fairness with

reduced hardware complexities.

Thereafter, the beam squint effect at mmWaves has been addressed. Serving multiple

UEs using OFDMA with hybrid precoder in wideband mmWave channel requires sub-

carrier allocation, RF precoder optimization, and baseband precoder optimization. By

making use of the inherent beam squint effect at mmWaves, a RF-SC-BB strategy has

been proposed to optimize the achievable rate. The RF-SC-BB strategy describes optimal

order of optimization of the SC allocation and RF precoder, and then optimizes the base-

band precoder for a sub-array based hybrid precoder using WMMSE. The effectiveness

of the proposed method has been validated by simulation results.

Next, a low complex beamforming and UE grouping solutions has been presented

in Chapter 5 for serving obstructed UEs by using a power-constrained solar-UAV as a

fronthaul unit in a sustainable manner. It is also shown that grouping UEs using k-means

clustering and adjusting beam coverage to target maximal radiation on the UEs is superior

to sectorizing the area from both rate and energy efficiency perspective. It is also verified

that with a given power budget, increasing the number of RF chains does not necessar-

ily increase the system performance as the associated power waste in the RF circuitry

increases. Thus, the number of beams should be optimized along with optimization of

UAV battery capacity and solar panel for a sustainable operation for energy-constrained

UAV-assisted communications at mmWaves.

Finally, the beamforming feasibility using the existing infrastructure of backscatter

devices (acting as distributed RIS) has been analyzed to serve an obstructed UE in in-

door mmWave communication system. The beamforming weights at the AP, UE and

backscatter devices has been designed based solely on AoA information thereby bypass-

ing the requirement of estimating cascaded channel CSI. Furthermore, an AoA estimator
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has been proposed that requires single RF chain at the UE for estimating the angle.

The implementation of optimization-based approaches has been central to providing

solutions to a variety of problems throughout this dissertation. Nonetheless, it is beneficial

to consider the potential of machine learning-based approaches. For example, in Chapter

3, machine learning techniques could be utilized to determine the optimal sectorization

scheme, the ideal number of RF chains, and the optimized sector sojourn time, based on

UE distribution and population. Additionally, in Chapter 5, state-of-the-art supervised

and unsupervised machine learning algorithms could be applied to optimize the number

of beams to be activated at the UAV and the optimal user grouping, given a power budget.

Furthermore, supervised machine learning could be employed to estimate the Angle of

Arrival (AoA) at UEs in Chapter 6. However, it is important to note that as UE density/tag

density and antenna array size increase, a larger training set would be required and the

system training complexity would also increase in mobile mmWave environment.

In conclusion, it is anticipated that the beamforming designs and frameworks pro-

posed in this dissertation using sub-array-type hybrid structures in various scenarios will

aid in the design of low-cost and low-complexity energy-efficient architectures for stan-

dalone wideband mmWaves communication networks for 5G+ networks. These frame-

works are generic and applicable in numerous ways. For example, the sectored-cell

framework with optimized sector sojourn time can be used to service a large number

of machines in a private enterprise, the variable time frame structure can be optimized

to provide low latency services, and the proposed AoA estimator with a single RF chain

offers a cost-effective solution for RIS-assisted communications.

7.2 Future Works

Below, we highlight some possible extensions of our works.

• Design variable time frame structure for sectored-cell framework applicable for

combined enhanced Mobile Broadband (eMBB), massive Machine Type Commu-

nication, (mMTC) and Ultra Reliability and Low Latency Communication (URLLC)

applications.

• Study the modifications required at UE equipment because of the variable time

frame structure and the resulting implications on signaling overhead and power

consumption.
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• Investigate the effect of spatial and temporal correlation at mmWaves to propose

reduced complexity and reduced training overhead beamforming designs in a multi-

user aerial-RIS assisted mmWave communication system.
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