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Abstract

The next generation (5G) wireless communication systems have been envisaged as an

amalgamation of various disruptive technologies (e.g. device centric small cells, millimeter

wave (mmWave), massive MIMO etc.) so that the key requirements of energy and spectral

efficiency and low latency can be achieved. With the broadening of scope for technologies

in 5G, recent research works have revealed that massive multiple-input multiple-output

(MIMO) systems can be the perfect solution to support such an hybrid architecture of

communication network.

In massive MIMO systems, while increasing the number of antennas (i.e. active RF

chains) provides an inherent ability to suppress multi-user interference (MUI), it also im-

poses severe hardware constraints in terms of energy consumption, design complexity and

implementation cost. It has however been observed that the massive MIMO systems can

offer robust performance against various hardware impairments. Therefore non-ideal low-

cost hardware and low-complexity signal processing techniques can be used for practical

implementation of massive MIMO systems, while maintaining its promising improvement

in energy efficiency (EE) and spectral efficiency (SE).

In our work, we focus on practical (non-ideal) hardware constraints from two specific

aspects- (a) low-cost/low-complexity signal processing; and (b) practical implementation

aspects of coherent detection. The low-cost/low-complexity signal processing aspect mainly

focuses on reducing the energy consumption, design complexity and implementation cost.

Therefore we first study the EE-SE trade-off in massive MIMO system, with optimal num-

ber of antennas so as to maximize the energy efficiency in the presence of transceiver power

consumption. Our study reveals that it is EE optimal to have a large number of active

base-station (BS) antennas (i.e. to operate in the massive MIMO regime), when the cell

size is large or when the required spectral efficiency is high. On the other hand, with small
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cells or with small SE requirement, it is EE optimal to operate with a single BS antenna

(i.e. the non-massive MIMO regime).

From the study of energy efficiency (EE) versus spectral efficiency and cell size, it is

revealed that in the massive MIMO regime of operation, almost 50% of the total transceiver

energy consumption occurs at the PAs. Therefore from the EE perspective, high efficiency

non-linear power amplifiers (PAs) are recommended for massive MIMO systems. To combat

the effect of distortions due to non-linearity of high efficiency PAs, per-antenna constant

envelope (CE) transmission has been recommended for the downlink operation in massive

MIMO systems. In this direction, we address the issue of out-of-band emission at the output

of non-linear PAs, by constraining the time-variation in the transmitted phase angles of the

CE signal. Another important issue from the low-cost/low-complexity signal processing

perspective is band pass filtering in massive MIMO uplink receiver (BS). In our work, we

study the variation in the minimum required out-of-band attenuation for RF front end

band pass filters with increasing number of BS antennas. Our analysis reveals that with

increasing number of receiving (BS) antennas, the out-of-band attenuation requirement

becomes more stringent. This shows that there is a practical limit on the number of active

antennas that can be deployed in massive MIMO systems.

Next from the perspective of practical implementation of coherent multi-user detection,

we investigate low-complexity frequency synchronization techniques in massive MIMO sys-

tems. Since the existing frequency synchronization techniques for conventional MIMO sys-

tems have prohibitive complexity with increasing number of users in the massive MIMO

regime, we first propose a simple low-complexity correlation-based technique for estimating

carrier frequency offsets (CFOs) in massive MIMO systems. This CFO estimation tech-

nique requires special impulse-like pilots. It is shown that the per-channel use complexity

of the proposed CFO estimation algorithm is almost independent of the number of users,

when the pilot length for CFO estimation is sufficiently large. Also, the performance of
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the CFO estimator is observed to improve with both increasing number of BS antennas

and also with increasing number of user terminals.

We also study the impact of residual CFO errors (after CFO estimation/compensation)

on the information rate performance of massive MIMO systems. It is observed that with the

proposed low-complexity CFO estimation/compensation technique, the minimum required

per-user transmit power (to achieve a fixed desired information rate) decreases by roughly

1.5 dB, with every doubling in the number of BS antennas. This is interesting since the

same decrease in the required per-user transmit power is also observed in the ideal/zero

CFO scenario. In other words, with the proposed CFO estimation/compensation, the

achievable array gain remains unchanged in the residual CFO scenario, compared to the

ideal/zero CFO scenario.

Finally we address the issue of high peak-to-average power ratio (PAPR) impulse-like

pilots used in the above mentioned correlation-based CFO estimation algorithm, since

high PAPR pilots are susceptible to non-linear distortions in the channel. Therefore we

propose a spatially averaged periodogram-based low-complexity CFO estimation technique

that uses a set of special constant envelope (i.e. low-PAPR) pilots. The performance

complexity trade-off between these two low-complexity CFO estimators shows that while

the correlation-based CFO estimator discussed earlier is less complex, the new CE-pilot

based CFO estimator is superior in terms of both energy and spectral efficiency, in low-

mobility channels in massive MIMO systems.
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sArA\ш
aglF pFxF (5 jF ) vAyrl�s кMy� Enк�шn Es-VMs кo EvEBà EvGVnкArF tкnFкo\

(j{s� EdvAis s�E�V~ к -mOl s�Ss , EmlFmFVr v�v (ememv�v ), m{Esv mFmo aAEd ) к�

eкFкrZ к� !p m�\ pErкESpt EкyA gyA h{ , tAEк enjF
 aOr -p�?V~ l eEPEшe\sF aOr

кm l�V�\sF j{sF þm� х aAv[yкtAe\ þAØ кF jA sк�। 5 jF m�\ þO�OEgEкyo\ к� dAyr� к�

Ev-tAr к� sAT , hAl к� an� s�DAn кAyo� s� ptA lgA h{ Eк кMy� Enк�шn n�Vvк
 кF is

trh к� hAiEb}X aAEк
V�?cr кo smT
n кrn� к� Ele m{Esv mSVF -inp� V mSVF -aAuVp� V

(mFmo ) Es-VMs eкdm shF smADAn ho sкtA h{।

m{Esv mFmo Es-VMs m�\ e��V�nA (aTA
t sE�y aAr�P c�n ) кF s\HyA m�\ v� E� j{s�

mStF -y� jr i\VrP�r�\s кo шmn кrn� кF yo`ytA þdAn кrtA h{ , e�s� hF vo enjF
 кF

хpt , EXjAin кF jEVltA aOr lAgt кF mAml� m�\ кWor hAX
v�yr к�sV~��V кo BF lAg�
кrtA h{। hAlA\Eк yh d�хA gyA h{ Eк m{Esv mFmo Es-VMs EvEBà hAX
v�yr хrAbF к�

EхlAP mjb� t þdш
n кr sкtA h{। isEle enjF
 eEPEшe\sF aOr -p�?V~ l eEPEшe\sF

кF uàEt кrn� к� sAT sAT nOn -aAiEXyl кm m� Sy vAl� hAX
v�yr aOr кm jEVltA

vAl� Es`nl þos�Es\g tкnFкo\ кo m{Esv mFmo Es-VMs кo &yAvhAErк кAyA
�vyn к� Ele

upyog EкyA jA sкtA h{।

hmAr� кAm m�\ hm do EvEш£ phl� ao\ s� &yAvhAErк (nOn -aAiEXyl ) hAX
v�yr þEtb�D

pr @yAn к�E�dý t кrt� h{\ - (e ) кm m� Sy/кm jEVltA vAl� Es`nl þos�Es\g ; aOr (bF )

кoh�r�\V EXV�?шn кA &yAvhAErк кAyA
�vyn phl� । кm m� Sy/кm jEVltA vAl� Es`nl

þos�Es\g phl� m� Hy !p s� enjF
 хpt , EXjAin кF jEVltA aOr кAyA
�vyn кF lAgt

кo кm кrn� pr к�E�dý t h{। isEle hm sbs� phl� V~ A�sFvr enjF
 хpt aOr e��V�nA Eк

svo
(�£ s\HyA к� sAT m{Esv mFmo Es-VMs m�\ ии -esи V~�X -aOP кA a@tyn кrt� h{\ ,

Ejss� Eк enjF
 eEPEшe\sF aEDкtm ho sк�। hmAr� a@yyn s� ptA clA h{ Eк jb

s�l кA aAкAr bwA ho yA aAv[yк -p�?V~ l eEPEшe\sF >yAdA ho , tb svo
(�£ ии þAØ
кrn� к� Ele b�s -V�шn pr sE�y e��V�nA bh� t aEDк s\HyA m�\ hon� cAEhe (aTA
t m{Esv

mFmo r�jFm m�\ s\cAln ) । d� srF aOr -mOl s�l yA -mOl esF pr svo
(�£ ии þAØ кrn�

к� Ele eк hF bFes e��V�nA s� s\cAln pyA
Ø h{ (aTA
t nOn -m{Esv mFmo r�jFm ) ।

enjF
 eEPEшe\sF bnAm -p�?V~ l eEPEшe\sF aOr s�l кF aAкAr кF t� lnA к� a@yyn

s� ptA clA h{ Eк m{Esv mFmo r�jFm m�\ s\cAln кrn� s� к� l V~ A�sFvr enjF
 хpt к�

lgBg 50% pFe pr hF hotA h{। isEle ии pErþ�#y s� uÎ eEPEшe\sF nOn -lFEnyr

pAvr eMplFPAyr (pFe ) кo m{Esv mFmo Es-VMs к� Ele an� ш\Est EкyA jAtA h{। uÎ
eEPEшe\sF pFe кo nOn -lFEnyErVF s� u(pà Ev�Et к� þBAv кA sAmnA кrn� к� Ele

m{Esv mFmo Es-tMs m�\ XAunEl\к s\cAln к� Ele кA\-V�\V envlp (sFи ) V~ A\sEmшn
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кo an� ш\Est EкyA gyA h{। is EdшA m�\ hm nOn -lFEnyr pFe кF aAuVp� V m�\ u(pà

aAuV -aOP̂ -b{\X eEmшn кA smADAn кrn� к� Ele sFи Es`nl кF V~ A\sEmV�X P�j e\gl

кF smy - EBàtA кo pErb� кrt� h{\। кm m� Sy/кm jEVltA vAl� Es`nl þos�Es\g pErþ�#y

s� aOr eк mh(vp� Z
 m� �A h{ m{Esv mFmo aApEl\к ErsFvr (bFes ) m�\ b{\XpAs EPSVEr\g।

hmAr� кAm m� hm aAreP �\V e�X b{\XpAs EPSVr кF �y� ntm aAv[yк aAuV -aOP -b{\X

eV�n� aшn m�\ e��V�nA кF s\HyA v}E� к� sAT jo vdlAv aAtA h{ usкA a@yyn кrt� h{\।

hmAr� Eb��qZ s� ptA clA h{ Eк ErsFEv\g (bFes ) e��V�nA кF bwtF h� и s\HyA к� sAT
aAuV -aOP -b{\X eV�n� aшn кF aAv[yкtA BF aEDк anMy ho jAtF h{। iss� ptA cltA

h{ Eк sE�y e��V�nA кF s\HyA pr eк &yAvhAErк sFmA h{ , jo m{Esv mFmo Es-VMs m�\

t{nAt кF jA sкtF h{।

кoh�r�\V mSVF -y� jr EXV�?шn кF &yAvhAErк кAyA
�vyn кF dý E£кoZ s� , aAg� , hm

m{Esv mFmo Es-VMs m�\ кm jEVltA vAl� �FË�\sF Es\�onAij�шn tкnFкo\ кF EnrF"Z
кrt� h{\। Èo\Eк prMprAgt mFmo Es-VMs кA þcElt �FË�\sF Es\�onAij�шn tкnFкo\ кF

jEVltA m{Esv mFmo r�jFm m�\ bxtF h� и y� jr s\HyA к� sAT sAT Enq�DA(mк ho jAtF h{ ,

isEle hm m{Esv mFmo Es-VMs m�\ к{Eryr �FË�\sF aO%s�V (sFePo ) кA aA\кln кrn�

к� Ele sbs� phl� eк srl кm jEVltA vAl� кoErl�шn pr aADAErt tкnFк кA þ-tAv

кrt� h{\। is sFePao aA\кln tкnFк m�\ iMpSs к� trh Evш�q pAylV кF aAv[yкtA

h{। yh d�хA gyA h{ Eк jb l\bAи pyA
Ø !p s� bwF hotF h{ , tb þ-tAEvt sFePao

aA\кln aSgoErdm кF þEt -c{nl upyog jEVltA lgBg y� jr s\HyA pr EnB
r nhF\

кrtF h{। isк� alAvA BF py
v�"Z s� ptA cltA h{ Eк bxtF h� и bFes e��V�nA кF s\HyA

aOr bxtF h� и y� jr кF s\HyA к� sAT is sFePao aA\кln m�\ aOr BF s� DAr aAtA h{।

aAg� hm m{Esv mFmo Es-VMs кF inPAm�
шn r�V к� Upr avEш£ sFePao /� EVao\

(sFePao aA\кln aOr þEtкrZ к� p�At ) к� þBAv кA BF a@yyn кrt� h{\। yh d�хA

gyA h{ Eк is þ-tAEvt кm jEVltA vAl� sFePao aA\кln aOr þEtкrZ tкnFк к�

sAT eк E-Tr vA\ECt inPAm�
шn r�V к� Ele jo �y� ntm þEt -y� jr V~ A\sEmV pAvr кF

aAv[yкtA h{ , bFes e��V�nA кF s\HyA m�\ hr dohrFкrZ к� sAT sAT us pAvr m�\ lgBg
1�5 XFbF GVAv hot� h� e d�хA jAtA h{। d� sr� шNdo\ m� yh кhA jA sкtA h{ Eк aAdш
/jFro

(zero) sFePao pErdý [y кF t� lnA m�\ þ-tAEvt sFePao aA\кln/þEtкrZ к� sAT þAØ

er� g�n (array gain) apErvEt
t rhtA h{।

a�t m�\ hm uproÄ кoErl�шn -aADAErt sFePao aA\кln aSgoErdm m�\ þy� Ä iMpSs -

j{sF uÎ pFк -V� -evr�j -pAvr an� pAt (peak-to-average-power ratio) (pFepFar ) pAylV

к� m� �� pr @yAn к�E�dý t кrt� h{\ , Èo\Eк c{nl m�\ upE-Tt nOn -lFEnyr Ev�Etao\ к� Ele
uÎ pFepFaAr pAylV aEts\v�dnшFl hot� h{\। isEle hm eк -p�EшylF -evr�jX

pFEraoXog}Am pr aADAErt кm jEVltA vAl� sFePao aA\кln tкnFк кA þ-tAv rхt�
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h{\ , jo eк Evш�q кA\-V�\V envlp (кm pFepFaAr ) pAylV sm� h кA upyog кrtA

h{। in dono\ кm jEVltA vAl� sFePao aA\кln tкnFкo\ к� þdш
n aOr jEVltA кF

V~�X -aOP s� ptA cltA h{ jhA p� vA
loEct кoErl�шn -aADAErt sFePao aA\кln tкnFк

кF jEVltA ap�"A�t кm hotF h{ , usкF t� lnA m�\ is nyF sFи pAylV pr aADAErt

sFePao aA\кln tкnFк enjF
 aOr -p�?V~ l eEPEшe\sF к� mAml� m�\ кm gEtшFltA

vAl� c{nl pr m{Esv mFmo Es-VMs к� Ele b�htr þdш
n кrtF h{।
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