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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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pilot sequence and B is the number of pilot-blocks of K L channel uses.) . .

The communication strategy, depicting allocation of a separate UL/DL TDD
slot for CFO estimation and compensation prior to data communication. For
UL data communication, the UL slot spans N, channel uses. The channel
estimates acquired in a UL slot are used for downlink beamforming of infor-
mation to the UTs, in the next DL slot. . . . . .. .. ... ... .....

Numerically computed probability density function (pdf) of v for M = 20
(with G, = 1.0238) and M = 160 (with G} ~ 1.0002) shown by the curves
marked with squares (with fixed K = 10, L =5, N = 500 and v, = —10 dB).
Note that for both M = 20 and M = 160, l/kQ is approximately Gaussian

distributed (Compare the solid curves with curves marked with squares).

High probability region of p, = e/“*% L 4 1, (depicted by the shaded regions
in the figure) for K = 4 and K = 20 (with fixed L = 5, wy = 55 radian, or
0.0720°, 7, = —10 dB and fixed variance of ). Since the angular variation
of the high probability regions of p; for both K = 4 and K = 20 are the
same, the variation in @y = % from its true value wy, is expected to be

smaller for a larger K (due to the division of arg(px) by K). . . . .. . ..

Plot of simulated and theoretical MSE of the proposed CFO estimate for
the first UT with varying SNR, compared to the CRLB. Note that the
performance gap between the proposed CFO estimate and the CRLB is
small in the massive MIMO regime (M = 40, K = 5) compared to non-
massive MIMO regime (M = K = 2). Fixed parameters: N = 100 and
L=2. . e

Plot of the required SNR to achieve a fixed desired MSE, € = E[(@) —w;)?] =
10~® with increasing number of BS antennas, M, for the following fixed
parameters: N =500, K =10, L =5, w1 = 52— . . . . .« . . . . ...

Plot of the required SNR to achieve a fixed desired MSE, € = E[(&; —w;)?] =
1078 with increasing number of UTs, K, for the following fixed parameters:
N =500, M =160, L =5, w1 = 52=. . .« « o v i
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7.1

7.2

7.3

7.4

7.5

7.6

Plot of the required SNR to achieve a fixed desired MSE, ¢ = 10~® with
increasing pilot sequence length, N, for the following fixed parameters: M =
160, K = 10, L = 5 (see Figure (a) on the left). Also variation of the ratio of
the total received per-user energy to noise PSD, i.e., N, (€) with increasing
training length NV is plotted (see Figure (b) on the right) for the same fixed
parameters (M =160, K =10, L=5). . . . . . . . ... ... ... ....

The communication strategy: CFO estimation and compensation strategies

and data communication. . . . . . . . ...

Proposed coding strategy for uplink data communication, with channel
codes spread across multiple channel realizations and also across multiple
CFO estimation/compensation phases (in the depicted example, across 5
CFO estimation/compensation phases). In the example shown above, a
codeword ¢y = (cxs(1), crs(2), -+, ck4(250)) from the k™ UT for the ¢
channel use spans 255 coherence intervals/blocks (including CFO estima-
tion/compensation phases). During detection at the BS, all these 250 code-

word symbols received at the t™ channel use are jointly decoded. Here in

125

130

the example K = 10, L =5, N, = 500, where N, is the length of the UL slot.135

L-1
Plot of the required SNR v, = p_; S 02, to achieve a fixed desired infor-
0% =0

mation rate for the first user (I = 1 bpeu and I, = 2 bpeu for k = 1) with
increasing number of BS antennas, M with fixed parameters: N = N,, = 500,
K=10,L=05. . . . . .

Comparative plots of achievable per-user information rate with (a) the pro-
posed CFO estimation and compensation technique; (b) with the assumption
of perfect knowledge of CFO (i.e. no residual CFO); and (c¢) with no CFO
estimation and compensation, for the following fixed parameters: M = 160
and M =40, K =10, L =5, v = —5 dB and N = 500, with varying Np. .

Plot of the SNR gap between the residual CFO and ideal /zero CFO scenarios
with increasing information rate, I for the first user (k = 1), for different
L =1,3,5,10 and 20. Fixed parameters: M = 160, K =10 and N = N, =

Plot of the minimum required v = 25 to achieve I, = 2 bpcu for the first
user K =10and N =N, =100.. . . . . . . . . . ...
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D.1

The communication strategy: CFO estimation/compensation and data com-
munication. Here N, is the duration of coherence interval and the UL slot
for data communication is N,, channel uses. . . . . . . . .. ... ... ..
Plot of the variation in MSE of CFO estimation with « for a fixed M = 80,
K =10 and v = —10 dB, with N = 800, 1000 respectively. . . . . . .. ..
Plot of the variation in the total number of complex operations C(M, K, N, «)
with decreasing MSE of CFO estimation, for fixed M = 80, K = 10, L = 5,
SNR = v =2 = —10 dB and N = 500, 800, 1000 and 2000 respectively.

Plot of the minimum required SNR to achieve a fixed desired MSE of CFO
estimation E[(&y — wy)?] = 107® with increasing number of BS antennas
M, for the following fixed parameters: K = 10, L = 5, N, = 1000 and
N =800,1000. . . . . . . e
Plot of the variation in E {e*jAwk(t*(k*I)Lq with increasing number of BS
antennas, M for fixed K = 10, N = 2000, N, = 5000, L = 5, t = KL +
Np + L —2 and k = 1, with the transmit SNR v decreasing oc —=— with
increasing M, starting at vy = —14 dBfor M =20.. . . . . . .. ... ...
Plot of the variation in the number of complex operations with increasing
per-user information rate for fixed K = 10, L =5, SNR = —12dB, M = 80,
N, = 5000 and N = 500, 1000 and 2000 respectively. . . . .. ... .. ..
Plot of the variation of achievable per-user information rate versus duration
of UL data transmission block, Np channel uses with fixed N = 2000, K =
10, L =5, SNR = —10 dB for M = 40 and SNR = —12 dB for M = 80. . .
Plot of the variation in the MSE (o = o*) with increasing pilot length
for CFO Estimation N for the periodogram-based CFO Estimator. Fixed
Parameters: K = 10, M = 80, L. = 5, transmit SNR v=—-10dB. . .. ..

Plot of g1(z) and g¢2(z) showing their unique point of intersection as the
solution to (D.3). . . . . . L
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BPF
BS
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CE
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CSI
DAC
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DTCE
EINP
EE
FDD
FIR
ICT
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IMT
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IP

Abbreviations & Acronyms

Analog-to-Digital Converter

Average only Total transmit Power Constraint
Additive White Gaussian Noise
Bandpass Filter

Base Station

Co-channel Interference

Constant Envelope

Carrier Frequency Offset

Cramer-Rao Lower Bound

Channel State Information
Digital-to-Analog Converter

Downlink

Discrete Time Constant Envelope
Effective In-band Noise Power

Energy Efficiency

Frequency Division Duplexing

Finite Impulse Response

Information and Communication Technology
independent and identically distributed
International Mobile Telecommunications
Internet of Things

Internet Protocol
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ISI Inter-symbol Interference

ITRS International Technology Roadmap for Semiconductors
ITU-R International Telecommunication Union Radiocommunication Sector
KPI Key performance Indicator

LMMSE Linear Minimum Mean Squared Error
LOS Line-of-sight

LSAS Large Scale Antenna Systems

LTE Long Term Evolution

LTE-A Long Term Evolution Advanced

M2M Machine-to-Machine

MAR Maximum Allowable Ratio

MIMO Multiple-Input Multiple-Output
MISO Multiple-Input Single-Output

ML Maximum Likelihood

MMSE Minimum Mean Squared Error

MRC Maximum Ratio Combining

MRT Maximum Ratio Transmission

MSE Mean Squared Error

MUI Multi-User Interference

NLS Non-linear Least Squares

OFDM Orthogonal Frequency Division Multiplexing
0OOB Out-of-band

OOBI Out-of-band Interferer

OPEX Operational Expenditure

PA Power Amplifier

PAPC Per-Antenna Power Constraint

PAPR Peak-to-Average Power Ratio

PCP Power Consumption parameters

PDP Power Delay Profile

PPM Parts Per Million

PSD Power Spectral Density

QoS Quality of Service

RAN Radio Access Network

RF Radio Frequency



RIBP
SCN
SE
SINR
SIR
SISO
SNR
TAPC
TDD
TDM
TR-MRC
UL
UT
VNI
ZF

Received In-band Power

Small Cell Networks

Spectral Efficiency
Signal-to-Interference and Noise Ratio
Signal-to-Interference Ratio
Single-Input Single-Output
Signal-to-Noise Ratio

Total Transmit Power Constraint
Time Division Duplexed

Time Division Multiplexing
Time-Reversal Maximum Ratio Combining
Uplink

User Terminal

Visual Network Index

Zero-Forcing
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Notations

Number of Base-station Antennas
Number of Single Antenna User Terminals
Duration of uplink slot

Duration of Coherence Interval
Communication Bandwidth
Signal-to-Noise Ratio (SNR)
Vectors

Matrices

s

Real part of the complex argument
Imaginary part of the complex argument
Transposition operation

Complex conjugation operation
Hermitian Transposition operation
Expectation Operator

Absolute value of a complex number
Smallest integer greater than c
Euclidean norm of a vector

Trace of a matrix

Determinant of a matrix

Identity Matrix of Size N x N

Vector whose all components are 1
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Matrix of size N x N whose all components are 1
An all 0 component vector

max(z,0)

Circular symmetric complex Gaussian

distribution with mean g and variance o

Field/Set of Real Numbers
Field of Complex Numbers
Set of all Integers

Set of Positive Integers

An M x K matrix whose (m, k)™ element is @,z
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