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Abstract

With increasing demand for Machine-to-Machine (M2M) conmizations, modifying existing Or-
thogonal Frequency-Division Multiple Access (OFDMA) comnication systems, such as the Long
Term Evolution (LTE) system, to successfully support lowtadaate M2M devices has became an
important issue. In LTE Release 12 and beyond, the reduofiomaximum bandwidth, the reduction of
transmission power and the reduction of downlink transimissodel should be studied for supporting
low data rate M2M communications. This paper will address solution based on the virtual carrier
(VC) concept, which aims to improve the bandwidth efficiersoyd cost-efficiency, using analogue
filters to extract only sub-carriers of interest. This wéduce the sampling rate at the M2M analog-to-
digital converter (ADC) leading to improvements in ADC paowmnsumption and the computational
complexity. Our results indicate that the VC system can jie@sgignificant high signal-to-interference-

plus-noise ratio (SINR) performance without significant Biror Rate (BER) degradation.

Index Terms
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. INTRODUCTION

Wireless communication technologies have been rapidlgldgeing in recent years, and mobile
communication has become a basic tool for modern society.clinrent fourth generation (4G)
networks, as known as the Long-Term Evolution (LTE) stadddt], it provides high spectrum
efficiency by combining advanced multi-antenna technigaed implements the orthogonal
frequency division multiple access (OFDMA) scheme in thevalonk (DL) from the base station
to the mobile terminals. In terms of supporting synchramige LTE uses a subset of carriers to
transmit downlink control information (DCI) in the physlaownlink control channel (PDCCH)
[2]. With increasing the number of PDCCH, the sub-carridicieihcy will decrease. Projections
for the growth machine type communication (MTC) devicesggenp to 50 billion in the next
few decades, compared to the 2 billion devices which arectijre&onnected to the wireless
communication network [3]. The communication network gitlift from the existing Human to

Human (H2H) communication mode to the Machine to Machine N\M2ommunication mode.

A. Motivation and Related Work

With the growth of automated systems such as e-health, tlatsgnd, smart homes and
smart cites, M2M communications will experience expora@mngrowth in the next generation
of mobile communication systems [4]. M2M communicationsoige of the most promising
solutions for revolutionising [5] future intelligent wikss applications. The major idea of M2M
communication system is allowing M2M terminal devices omponents to be interconnected,
networked, and controlled remotely [6], with the advantagé low-cost, scalable and reliable
technologies.
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SUBMITTED PAPER 3

One of the major challenges for supporting M2M communicatiosing LTE is how to reduce
the processing cost to maximum the battery life of M2M temhitevices For instance, the LTE
downlink channel can provide up to 20 MHz bandwidth. HoweM&M communications usually
require low data rate transmission, for instance, an M2vhieal device may only be allocated
1MHz out of the 20MHz LTE downlink channel. In this case, mokthe sub-carriers are not
relevant to the M2M device. Therefore, how to reduce the ggnand processing cost of LTE
in order to support M2M low cost devices with increasing trendiwidth efficiency will be
a major issue for standardisation beyond Release 12 of LTET}&s paper will study how
reduced sampling rates in M2M receiver devices can imprbeg nergy efficiency without
losing performance.

To the best of our knowledge, there are no previous works lwhiadied reducing the LTE
bandwidth in order to support low data rate M2M communiaaidreference [7] only proposes
a possible solution: insert a M2M low data rate message imoLTE downlink channel and
design a Virtual Carrier (VC) to contain the message. ThisdaG be separately scheduled to
support low bandwidth M2M devices and the remaining subi@a are designed to support
high data rate services as normal. However, reference [FJndt describe a detailed system

structure nor how to extract the low data rate virtual cammessages at the receiver.

B. Contributions

Considering the LTE downlink capacity, we reduce the anadep-digital converter (ADC)
costs and computational complexity by reducing the sargplate. Our main contributions are
as follows:

1) Propose a novel reduced sample rate VC receiver systemp&ed with the current LTE

carrier aggregation technique, it significantly improvies bandwidth efficiency.
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2) The VC system significantly reduces the ADC cost and coatfmutal complexity while
providing high Signal-to-Interference-and-Noise Rat®INR) and low Bit Error Rate
(BER) performance to support low data rate M2M devices.

3) Drive a closed-form expression for SINR which includes #alditional interference caused
by aliasing effects. Our previous study [8] shows that alig®ffects caused by the filter
and the lower sampling rate ADC can reduce the VC system ipeaiace. Firstly, our SINR
analysis includes the effect of the filter cut-off frequenitye receiver ADC sampling rate
and the sampling reduction ratio. Secondly, the BER can ladsevaluated in closed from
to show the trade-off between system parameter choices etedtbn performance.

4) Drive a closed-form expression for the effect of inter ggininterference (I1SI) caused by
asynchronism. We also consider several cases, includarg:dispersive multipath channel
effects on ISI and inter carrier interference (ICI) plus #ueiditional interference caused

by sample timing errors.

The rest of this paper is organised as follows: Section Homhices the state of the art. We
discuss the VC receiver system model and derive the perfazenanalysis in Sections Il and
IV, respectively. The LTE bandwidth efficiency and analgticesults comparing with different

SINR and BER performance are shown in Section V and Sectiooovitiudes the paper.

1. OFDM SYSTEM: STATE OF THE ART

This section will provide a brief introduction of the standl@FDM transmitter and receiver
and introduce three options to support reduced bandwidtistnissions in OFDMA for M2M
devices.
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SUBMITTED PAPER 5
A. Standard OFDM System

1) Transmitter For OFDM: Orthogonal frequency division multiplexing inherentlyopides
good protection against ISI due to the long symbol cyclidipréCP), where the length of CP
in samples is defined akcp , and it is used in cellular systems such as LTE and WIMAX [9].
Assume that the message bits are to be transmitted using QRBdulation with/V sub-carriers.
Denote the frequency domain symbols &y,,m = 0,1,..., N — 1. Then, the baseband signal

for an OFDM symbol can be expressed as:

—_

> X(m)- e N (m =0,1,...,N — 1), 1)

=0

N—

1
x(t) = N 2
where X (m) is the fast Fourier transform (FFT) af The signalz(t) is up-converted to radio
frequency, transmitted and propagates through the wgelkannel.

2) Model For the Standard OFDM ReceiveFhe transmitted signals will go though a wireless

channel and the impulse response can be modelled as:

where: is the time index, and each channel tap follows the Rayleigh distribution?; is
the sample period, andlt) is the Dirac delta function. (For the additive white Gaussi@ise
(AWGN) channel without multipath) = 1, h;; = 1.) The received signal over the Rayleigh

multipath channel and AWGN channel can be defineg(as

y(t) = x(t) @ hi + go(t), (3)

where @ denotes the convolution operation apgt) represents AWGN with power spectral
density Ny/2 is assumed. For a standard OFDM receiver as shown in Fig, th@)received
signal is match filtered and sampled at frequericyAfter removing the CP and applying the
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FFT, the frequency domain signal can be expressed as:

Y(m) = X(m) - H(m) + Go(m), (4)

whereH (m) is the FFT of the vectortg, hi1,..., hiy—1] @and G, is the FFT of the noise sequence
Jo In the frequency domain. Finally, to decode the transmittedsages, zero forcing equalisation

[10] can be used to estimate the transmitted data.

B. Options to Reduce OFDMA Bandwidth For M2M Devices

In order to support low data rate communications, the marinhandwidth of OFDMA
systems such as LTE should be reduced. Reference [7] liste ffossible solutions, including
separate carrier (SC), carrier aggregation (CA), and alirtarrier (VC).

1) Separate Carrier :The easiest way to reduce the maximum bandwidth is to separaigh
bandwidth carrier into several narrower band carriers fgpsut low bandwidth M2M devices.
For instance, a 20MHz bandwidth carrier can be split inteessvl.4MHz and 3MHz carriers.
Low bandwidth M2M devices transmit and receive messagesach separate carrier and all
narrow bandwidth M2M devices share the same OFDMA channalveder, the SC option will
no longer support full bandwidth 20 MHz data transmissiong data capacity will be limited
by the maximum bandwidth carrier.

2) Carrier Aggregation :One of the key features for LTE-Advanced is the carrier ag@fien
technique [11]. It allows a user equipment (UE) to receiviadm multiple carriers simultane-
ously. In order to support low data rate M2M communicatiowickes in LTE, one 20 MHz band
can be formed by component carriers of bandwidth 1.4 MHz, 3zM&hd 15 MHz. The low
bandwidths support M2M communications, and the high badtwgarriers such as 15 MHz can
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SUBMITTED PAPER 7

support high data rate transmissions. However, CA doesmptave the bandwidth efficiency,
as each sub-band still needs several carriers to supparthsymisation of the downlink channel.

3) Virtual Carrier: Here the transmitter insets a virtual carrier to carry theMVidessages
into a 20 MHz downlink OFDMA channel to support low cost descHigh data rate devices
can still use the remaining carriers.

In Section V, it will be shown that compared with SC and CA, tsing a virtual carrier
mapped into a 20 MHz band the transmitter obtains the higbastwidth efficiency but the
receiver ADC power cost reduces linearly with reduced sargphte. In the following sections,

this paper will study the VC receiver system in detail.

IIl. THE VIRTUAL CARRIER SYSTEM

This section will introduce the proposed VC receiver systhen analyse the LTE downlink
efficiency and the ADC energy cost performance. We assuniéht@dilter information has been

transmitted through the PDCCH channel to each terminalcedevi

A. Sub-sampling Receiver for VC Option

In order to improve OFDMA bandwidth efficiency, this papeardies a novel receiver system
supporting M2M communications. The principle of the VC rigee is shown in Fig. 1 (b).
With the assumption that the standard OFDMA receiver reck& set of messages over a 20
MHz channel bandwidth, the signal will pass through a 20 Mialague circuit filter and
then be passed to an ADC with a higher sampling rate, e.g238lHz as in LTE. Unlike
the traditional OFDMA receiver, the major feature of the V€eiver system is improving
the bandwidth efficiency by integrating both low data rateNMghessages and high data rate
wideband messages in one downlink channel. M2M receiversathice the ADC processing cost
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(a)
Standard OFDM Receiver

20MHz OFDM Symbols
—_— >

Y
LTE Filtering

Rx . ADC Operates af .
20MHz Filter ’ 30.72MHz DSP Processing

®

VC Receiver

20MHz OFDM Symbols  , [ |, Al Aol o b A A o
T RN

Extract Virtual Sub-carriers for M2M

R ADC Operates at A
X Analogue IR Filter—~Reduced Sampling|—>| DSP Processing
Rate

Fig. 1. (a) Standard LTE Receiver and (b) VC System Receiver.

by reducing the receiver’s bandwidth to capture only the M&Mb-carriers of interest and filter
out other sub-carriers. Therefore, a VC receiver implesy@me or more narrow band infinite
impulse response (lIR) filters to extract the transmittedWwkdgnals from the received OFDMA
signal. It operates the ADC at a much lower sample rate tocedbe power consumption
and the number of subsequent digital signal processing atatipns to decode the signal. The
scenario where an M2M receiver has received a 20 MHz bantviTE signal but only a few
sub-carriers (e.g. 70 carriers) are used for this termiagiog is shown in Fig. 1 (b). A standard
20 MHz LTE bandwidth maps to a fast Fourier transform (FFZgsif 2048 with a sampling rate
of 30.72 MHz. Therefore, the useful sub-carrier r&e for the M2M device can be calculated
as the number of VC sub-carriers (70) divided by the total Inemnof sub-carriers (2048), which
is approximatelyl /32 in this case. Thus, a 0.625 MHz low pass filter (LPF) can begtesi to
extract the relevant sub-carriers from the 20 MHz bandwaigmal. A correspondingly lower
sampling rate ADC is used at the low pass filter (LPF) outputthis case, we can choose a

0.96 MHz sampling frequency ADC instead of 30.72 MHz.
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Transmitter
Frequency Domain Input Data Time Domain White Gaussian Noise g (7)
—> X(m)

ini - Poi ¢ Cyclic Prefi. ¢ .
M2M | Remaining Data |_>| Modulation > N lFPF?l}m y X @ by

Data Extension

Sample frequency at f5/y

M2M VC Receiver Multipath Channel
isati : TLPF
ZF Equalisation NJy - Point Remove
M2M Data ! l«—| ADC | <—|IIR LP
and Demodulation FFT Cyclic Prefix by

Narrowband Filter

Fig. 2. Block Diagram of the VC Receiver System.

B. Mathematical Model of the VC Receiver

The VC receiver block diagram is shown in Fig. 2. The majorcfion of the VC receiver
system is to demodulate only sub-carriers of interest. dfbee, the major difference of the
VC receiver compared to a standard OFDM receiver is thatdheived signals are passed to a
narrowband IIR filter which separates the virtual carrieosif the rest of the OFDM sub-carriers,
then samples those carriers using a much lower sample fnegueDC. In order to determine
the SINR performance, the narrowband IIR filter can be agprately expressed as an finite
impulse response (FIR) filter with the impulse responsetamriash, with length of Lr. Denote

the composite effect of the multipath channel and the lIRfilly w.,(t):
Wen(t) & hi @ by = Y wen(2)8(t — 2T3), (5)

where, Z is the length of the combined channel impulse response.drrdbt of paper, every

the combined filter is approximated as being FIR. The recesignal after an IIR filter can be
designed aspr:
ropp(t) = {z(t) @ hi + go(t)} ® by = 2(t) @ wen(t) + gl (t) + ia(t) + q(t). (6)

Equation (6) shows that the receiver filteimay increase the delay spread of the channel filter

The scalari4(t) is the aliasing noise (due to the effect of the narrow banerfdnd the reduced
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sample rate processing) ag¢) is the quantisation noise. For a realistic system, the efiéc
uniform quantisation can often be modelled by an additivieenterm due to quantisation noise,
which is uncorrelated with the input signal and has zero nsaha variance of?/12, where

q is the quantisation step size [12]. In order to simplify thealgsis results, this paper will
assume that the aliasing effect dominates over the quéintisaoise. Transforming., into the

frequency domain yields the following expression for thegfrency response of sub-carrier
Z—1
Wen(m) = Z Wen (n) - e~ I2mmn/N, (7)

In terms of reducing the ADC cost and the number of subseqdigital signal processing
computations, the VC receiver system employs a much lowepbag rate f,. rather than the

standard sampling ratg, thus the sampling reduction ratiocan be defined as:

_ 5

= 8
I (8)

v

With the effect of the analogue IIR filter and reduced sangptate ADC, the number of operating
sub-carriers has been reducedio= N/~, which means the VC receiver FFT size is reduced
to N/~. Assuming that the length of the CP in samples is longer tlmanbined channel and
filter response, and the signal is sampled with the correuig, the received M2M signal in

the frequency domain after CP is removed can be denoted as:
R(k) =0 X(k) - Weu(k) + 8- Go(k) + Ia(k) (k=0,1,...N/y—1). 9)

Where I, is the aliasing term and the term is the scaling mismatch factor between the
transmitter and the receiver and reflects the different $amgies and FFT sizes at these two
devices. Given that this scaling mismatch factor affectth libe signal and the noise equally,
then we can neglect it and assume- 1 without loss of generality. The transmitted M2M signal
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in the frequency domair/’f((k) can be estimated using zero forcing equalisation as:

X(k) = : (10)

C. LTE Downlink Efficiency

The LTE downlink bandwidth directly relates to the overalirtsmission efficiency of the
system as this determines the proportion of data sub-carmea radio frame. In the LTE
downlink channel, in terms of providing good signal synchsation performance, it uses several
synchronisation Channels such as the Primary Synchrams@hannel (PSCH), the Secondary
Synchronisation Channel (SSCH) and the PDCCH channel. Hawéhose synchronisation
channels will share lots of sub-carriers. In order to estigntiae LTE downlink channel bandwidth
efficiency, the percentage capacity of the LTE FDD (freqyeticision duplex) downlink channel
is computed as:

Na
=2 11
C - 00%, (11)

where we assume that a 10 ms radio frame is divided into 20l s@easlots of 0.5 ms [13]. A
subframe consists 2 consecutive slots, therefore one 1(Gdis frame contains 10 subframes.
C'is the capacity of one 10 ms LTE FFD radio framié, is the number of available sub-carriers
and Nt is the number of total occupied sub-carriers in one framachvban be computed from
reference [14]. The standard LTE downlink channel bandwidtl.4 MHz, 3 MHz, 5 MHz, 10

MHz, 15 MHz or 20 MHz.

D. Synchronisation for the VC System

As mentioned above, cell synchronisation is the very firgp sthen an M2M device wishes
to connect to a cell. LTE users first find the primary synchsation signal (PSS) [2] which is
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located in the last OFDM symbol of first time slot of the firsbfame as shown in Fig. 3. This
enables users to be synchronised at the subframe levelelngkt step, the terminal finds the
secondary synchronisation signal (SSS) which determimeplysical layer cell identity group
number. In order to decode the VC message, a VC control s{§i@aCS) should be included in
the VC carrier as shown in Fig. 3. The VCCS includes the VCieatocations, filter parameters
and sampling reduction ratio. When the VCCS has been decdddedvi2M terminal devices
can easily decode the received signals intended for it. TBEY can be also mapped into the
VC carrier to assist the M2M receiver in maintaining acoeirsymbol timing. The VC system

decoding processing as below:

Processing 1 VC Synchronisation Steps
Step 1. Search for the PSS and the SSS

Step 2: Decode the VCCS to identify VC carrier location
Step 3: Set filter parameters and receiver sampling rate

Step 4: Decode received M2M messages from the specified Vaidoc

E. Energy Saving For The VC Receiver

The basic motivation for the VC system is the fact that for dnCA the power dissipation is
a linear function of the sampling rate. A previous study [#i8ived the power dissipation of
an ADC asF,,

Po - 48kBTTemp : 22V : fsa (12)

wherekg is Boltzmanns constantr..,, iS temperaturef; is the sampling frequency arid is

the SNR-bits, which is given by [15]:

~ SNR[dB] — 1.76

v 6.02

(13)
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| 10ms Radio Frame |

subframe
L # | #1 [ w2 | # | #a] #5 | #6 | #7 | #8 | # |

User #1

User #2

User #3

Slot 0 Slot 1

(Secondary Synchronisation Signal) (Primary Synchronisation Signal)

D VCCS (Virtual Carrier Control Signal) . M2M Signal

Fig. 3. Virtual Carrier Synchronisation Signals

Therefore, the ADC power dissipation presents a linear aeolu by reducing the sampling
frequency.

In terms of the FFT computational complexity, compared wita standard OFDM system,
the VC receiver also reduces the number of subsequent Idsigi@al processing computations.

The computational complexity for the standard OFDM reaeiVgrpy Can be defined as [16]:

N
Corpm = 5 -log, N, (14)

whereN is the size of FFT for the original OFDM receiver. In terms lo¢ tVC receiver system,
the received M2M low data rate messages after filtering witbwaer sampling rate ADC, the
FFT size can be decreasedg~. Therefore, the computational complexity for the VC reeeiv
system can be defined as:

Cve =07 logy (/). (15
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IV. PERFORMANCEANALYSIS

In terms of computing the overall SINR performance of the \&Ceiver system, this paper
will focus on three distinct channel scenarios to evalugttesn performance. This paper will
not consider the effect of time or frequency offset, thus,make the assumption of the perfect

sampling timing.

A. No Channel Effect SINR Analysis

Firstly, we evaluate a simple scenario, in order to evaloatg the effects of filter aliasing in
ia(t), which is computed by the analogue filter response and theeellsampling rate ADC in
the VC receiver (See Fig.2). We assume the received M2M rgessdt) is not corrupted by
background noise, = 0) or multipath channel effects. The received signhal can lpgressed

as:

yr(t) = x(t) © bi(t). (16)

With the assumptions of perfect sampling timing, a samptedyction rate ofy and the case
that the CP duration is longer than filter impulse respaisg, then we can write down an
expression for the FFT output of:(¢), after the CP is removed. The-th frequency bin can
be denoted as [17]:

yr(m) = z_: X(n)-B(n)-e7?mm/K = z_: (i X(aK + k) - B(aK + k)) ce~2mRmIK L (17)

n= k=0 a=0

where B(n) is then-th bin of the Fourier transform of the filter impulse respohs Therefore,
the receivedk sub-carrier signal after reducing the sampling rate in teguency domain can

be written as:
v—1
Rp(k) =Y X(aK +k)- B(aK + k). (18)

a=0
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After reducing the sampling rate at the receiver, there sareopies of the original OFDM
signal centred at frequencies /v, 2fs/7, ..., (y—1) fs/7. The 0 frequency term is the desired
spectrum of the transmitted signalt) while the remaining frequencies represent undesired

aliased components. Thus, equation (18) can be re-wrigen a

v—1
Rp(k) = X(k)- B(k) + Y _ X(aK +k) - B(aK + k), (19)
a=1
the aliasing term can be expressed as:
v—1
In(k) =Y X(aK +k)- B(aK + k), (20)

a=1

and it represents all the aliased interference presenteimeibeived signal.
The SINR value for the signal can be computed as:

SINR(k) = % (21)

whereE|[-] denotes statistical expectatiofi(k)? is the received signal power over at the output
of the IIR filter, and N;(k)? is the interference power arising from the € 1) aliased terms.

Thus, the interference power for no channel effect ddgecan be written as:

E[Niw(k)?] = E [|Re(k) — X (k) - B(k)|?] = z_: E[X(aK +k)*] - |BlaK +k)*.  (22)

a=1

Thus, the theoretical SINR value at the output of the VC raewithout channel effects can

be derived as:
E[X(k)?] - [B(k)|?
" E[X(aK +k)?] - |B(aK 4 k)2

a=1

SINRyp(k) = (23)

B. AWGN Channel Effect SINR Analysis

Assume now the transmitted M2M signals go through an AWGNokawhere the noise has

mean zero and a noise standard deviatiow ef / f;Ny/2. Similar to equations (4), (19), the
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received M2M messages from the AWGN channel in the frequelmyain can be expressed

as.
Ra(k) = X(k) - B(k) + iX(aK + k) - B(aK + k) + G, (k). (24)

a=1
Thus, the theoretical SINR value of VC receiverkasub-carrier for the AWGN channel can be
derived as:

E[X(R)*] - [B(R)[” _
02+ YU E[X (aK + k)2 - | B(akK + k)J?

SINR(k) = (25)

C. Multipath Channel SINR Analysis

This section is devoted to address the effect of multipainokls by analysing the combined
impulse response, of both the multipath Rayleigh channel and the analogue filtequation
(5). We consider two cases when the length of combined respanboth longer and shorter
than the CP length in samples.

1) CP Longer Than Combined Respongessume that a M2M receiver has received the
signals over a Rayleigh multipath channel and an IIR filtes baen applied at the receiver.
The cyclic prefix lengthLcp is longer than the combined response and we assume theaeéceiv
signal is sampled with the correct timing. According to eduss (7), (17), the received signal

in the frequency domain can be expressed as:

N-1
YLo(m) = X (n) - Wey(n) - e 7K 4 g(m)
n=0
K-1 /v—1
_ ( X(aK + k) - Cn(aKJrk‘)) I g (m). (26)
k=0 \a=0

The k-th received sub-carrier in the frequency domain can beveéras:
v—1
Rio(k) = X (k) - Wan(k) + ) X(aK + k) - Wen(aK + k) + Go (k). (27)

a=1
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Thus, the average SINR value of the VC receiver over the Rgylading multipath channel

can be expressed as:

E[X (k)?] - E[|[Wen (k)]
02+ 300 B [X (aK + k)] E[|[Wen(aK + £)[?]

a=1

SINRy (k) = : (28)

2) CP Much Shorter Than Combined Respon$ée major function of the cyclic prefix is
that it removes ISI and ICI. In order to address the impachefdase when CP is shorter than
the channel response in the VC receiver system, we need tputerboth the ISI and ICI noise
terms. According to a previous study [18], the ISI and IClsminterference at the tail of the
impulse response. Based on [18], the ISI noise for the VCivecean the case that thécp is

shorter than the lengthZ{) of combined channel and filter impulse response, can besssped

as:
Z—1
Nigi(k) =0 Y |Ue(k), (29)
c=Lcp+1
whereU.(k) is defined as:
Z—1
Uk) = Z Wen (€)e™I2meRIN (30)
c=Lcp+1

Note that the expression far.(k) is actually for the FFT of the tail of the combined impulse
response. In terms of ICI, [18] shows that the ISI and ICI hidnesame power spectral density.
Therefore, the noise level of ICI is equal to that of the 1Siug, the interference power for the

VC receiver system can be derived as:

y-1 Z—1
E[Nso(k)?] = 0® + Y E[X(aK +k)*] - B[|[Wen(aK + k)] +20° > |Uk)].  (31)
a=1 c=Lcp+1

Therefore, the expression of the average SINR for the casezenthe CP is much shorter than

combined response can be written as:
E[X (k)] - E[[Wen (k)]

0%+ Y00 E[X(aK + k)7 - B[ Wea (0B + R)2) + 2023575 |U(R)[*
(32)

SIN R, (k) =
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D. Asynchronous ISI Analysis

In the previous sections, we assumed the received signalperfectly synchronised and
sampled at the correct timing. This sub-section will analire 1SI effects caused by asynchro-
nism. Here we defineg,, as the timing error in samples, which we assume is positiheisT
interference to the first OFDM symbaol (¢) is caused by the firsts,, samples from the second

OFDM symbolz,(t). Then, we can write the interference term as:

TErr -1

t=0

Thus, the interference term on tléh sub-carrier can be rewritten using the Fourier transform
as:

ipe(B) = 3 3 Xo(n)B(n)e 2N, (34)

where X5(n) is thenth FFT output forz,(¢). Then the ISI noise for timing error denoted as

Nk, for the VC receiver with sampling reduction ratio ofcan be derived as:

E [N (k)] =) Z E [Xa(aK + k)] - E[|B(aK + k). (35)

a=0 n=0

Note that equation (35) represents an extra timing err@rfietence term which can be added
to the denominator for our SINR equations to compute ther#dtmal SINR values when a

specified timing error is present.

E. BER Analysis

In terms of comparing the VC receiver BER performance with skandard OFDM receiver
system, this paper will use the three BER basic LTE standavduhation schemes, including
QPSK, 16-QAM and 64-QAM for both the AWGN channel and the Ragh fading multipath
channel.
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1) Standard OFDM BER Analysis Under the AWGN Chanridie theoretical BER value of

the standard OFDM receiver is computed as [19]:

1 E
BERQPSK = 5 - erfe < Fi) y (36)
3 2 E
BERIG—QAM ~ g -erfe ( g : E) s (37)
7 1 Fy
BER64—QAM ~ ﬁ - erfc < ? : E) s (38)

whereerfc(.) denotes the complementary error function. The relatignbletweenk,, /N, and

SINR can be presented as:

(39)

where N, is the number of bits per sample.
2) Standard OFDM BER Analysis Under the Rayleigh Multipatra@hel: The theoretical

BER value of normal OFDM system over the Rayleigh multipatarmel is computed as [19]

1 | Ey/N,
P = 1=, =Pl 4
QPSK ™9 ( 1+Eb/NO>’ (40)

(. 3] 4-BJN, 1] 4-E/N, 1 [ 4.E,N,
Pigqam =5 1—+ -3 + - :
o\ " a\l5214-Ey/N, 2\/5/1814-Ey/N, 4\ 1/10+4- Ey/N,

(41)

[20]:

For the 64-QAM modulation, the BER expression is:

28
Pss—qam = Z wil (a;, b, 7,1, p), (42)

i=1
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TABLE |

COMMON SIMULATION PARAMETERS

Simulation Parameters

Bandwidth N Transmittedfs | Lcp | IR Filter Order | Type of Filter | Attenuation

20 MHz 2048 30.72 MHz 144 4 Butterworth 3dB

Filter Impulse Response

Filter Parametersy( 1/2 1/4 1/8 1/16 1/32 1/64

Approximate FIR Filter Length I(x) 24 35 67 132 208 332

where? is the average SNR per symbol and coefficientsa;, b; are listed in a table in [21]

and is the integral representation:

(v/2)
I(z) = - / ) (43)
~(x/2)

V. SIMULATION RESULTS

This section will firstly evaluate the bandwidth efficienogriprmance and the energy saving
performance by using the VC receiver system rather than labAndwidth OFDM receiver.
Then theoretical and simulation results for the SINR and BieRormance will be described.

Common parameters for simulations are listed in Table I.

A. LTE Downlink Efficiency Performance

The result for the LTE downlink capacity for one 10 ms LTE maffiame with the number of
PDCCH transmissions is shown in Fig. 4. The LTE bandwidtltiefficy is computed as Equation
(11) and it is obvious that whether one or two PDCCH symbolssied, the percentage capacity

of 20MHz bandwidth is much higher than other options, andl#ast efficient is the 1.4MHz
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Fig. 4. LTE Downlink Capacity Vs. Channel Bandwidth

ENERGY SAVING PERFORMANCE OF THEVC SYSTEM FOR THE20MHz LTE CHANNEL FROM EQUATIONS (14) AND (15)

TABLE I

I L L
16 18 20

Sampling FFT Normalised FFT Computational
Rate (fs) | Size (V) | ADC Power (W) | Complexity (Ops)
30.72MHz 2048 1 11264
15.36MHz 1024 1/2 5120
7.68MHz 512 1/4 2304
3.84MHz 256 1/8 1024
1.92MHz 128 1/16 448
0.96MHz 64 1/32 192

21

bandwidth carrier. We can conclude that compared with thar8PCA methods, using a virtual

carrier mapped into a 20MHz LTE band can improve bandwidticiehcy significantly.

July 7, 2016
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B. Energy Saving Performance for the VC Receiver

Compared with the 20 MHz LTE standard receiver, the ADC gason performance and
the computational complexity of the FFT block for the vittgarrier receiver system is shown
in Table II. In order to compare the cost-efficiency, we defitiee energy cost of processing
the full 20 MHz bandwidth to be normalised to 1. By reducing $ampling rate of a M2M
receiver, the ADC power dissipation and the computationaigexity are reduced significantly.
If a M2M terminal device only needs to decode 64 sub-carrieysusing a low pass filter and
sampling rate at 0.96 MHz, it only costs 1/32 of the ADC operet compared with decoding

the whole 20 MHz band and the FFT computation is reduced fré@64 operations to 192.

C. SINR Performance

The SINR performance of the VC receiver system over the AWGahaoel with four types of
lIR analogue filter (Butterworth, Chebyshev I, Chebysheard Elliptic filters [22]) withy = 8
is shown in Fig. 5. The passband ripple for Chebyshev | is@didB and the stopband ripple
for Chebyshev Il is set to 40dB. In the case of the Ellipticefiltthe passband and stopband
ripple are set to 1dB and 40dB in order to provide fair congmari We plot the SINR value for
the first 128 sub-carriers in Fig. 5 and it shows that the @rbiars near the cut-off frequency
band present significant SINR loss. It also shows that bathBilitterworth and the Chebyshev
| filters achieve higher SINR performance in the passbandpemed with Chebyshev Il and
Elliptic filters. However, the Chebyshev | filter has a wordeage response because of group
delay variations at the band edges. Therefore, in order lieae a high SINR performances
in the pass band frequency, this paper will focus on the Butteh IR filter in the remaining
simulations.
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Fig. 5. SINR Performance over Different IIR Filters, AWGNacimel 30dB,N = 2048, Lcp = 144, v = 8, 16-QAM.
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Sampling at 3.84MHz, 1/8]

Fig. 6. SINR Performance for Different Sampling Rat&, = 0, h; = 0, N = 2048, Lcp = 144, 16-QAM.

The SINR performance for different sampling reductionastis shown in Fig. 6 with the
assumption of a 16-QAM modulation scheme and no backgroorsnand there is perfect time
synchronisation. When is 64, Ly is much larger tharlcp. Thus we computed the ISI and ICI
noise power using equation (31) for= 64 to obtain the theoretical value of the SINR which is
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Fig. 7. SINR Performance over the AWGN channel, ButterwoQRFPSK, N = 2048, Lcp = 144, v = 8.

computed from equation (23). The theoretical results sh@ergect match with the simulations.
If the M2M receiver samples at 0.48 MHz (about 1/64 of trartedi sampling rate, the IIR
cut-off frequency is set to 0.3125 MHz in order to match witle sampling reduction ratio),
the SINR value of the first 65% of all sub-carriers is still @@d@0dB. It also indicates that
the VC receiver system is able to decode the transmitted k& thte M2M messages mapped
into a normal LTE band, even if we reduced the sampling rat&4yimes. The basic reason
for the SINR performance with = 32 and~y = 64 being much poorer than other cases is the

non-integer sampling reduction of the CP.

The SINR degradation performance of the VC receiver systémowt timing error over the
AWGN channel is shown in Fig. 7(a). The transmitted SNR iste&0dB, 10dB and 5dB. The
theoretical SINR value is computed using (25) and it is dipseatched with simulations. The
AWGN channel does not significantly affect the SINR perfonge of the VC receiver. If the
input SNR is 20dB, the SINR degradation becomes apparenibtatarier number 80, where

there is about 2dB SINR loss. By reducing the transmitted SINR SINR degradation in the
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Fig. 8. SINR Degradation Caused by a Rayleigh Fading Chaiterworth, QPSK)N = 2048, Lcp = 144, v = 8.

VC receiver mores closer to half the cut-off frequency. Inm® of the first 60-70 sub-carriers,
the VC receiver system presents high SINR performambe. SINR performance versus timing
error g, is shown in Fig. 7(b). The ISI of timing error is computed ws(85), and added to the
denominator of (25) to compute the theoretical SINR, whierhfgrtly matches the simulations.

When7g,, is larger than 9 samples, the SINR performance is significaatiuced.

The SINR degradation performance over the Rayleigh mukhighannel is shown in Fig.8.
Assuming the VC receiver has received the signal ovdr-a 20 tap Rayleigh fading channel,
the length of CP is longer than the combined impulse respandehe ADC sampling follows
perfect timing, the SINR performance is shown in Fig.8(ad)e Theoretical value of the SINR
is computed using equation (28), and similar to the AWGN dearcase, the Rayleigh fading
channel does not significantly affect the average SINR inphgsband. Now we increase the
length of channel to 300 taps i.e. the "long channel”. Thhe,&P is not long enough to prevent
ISI and ICI interference as shown in Fig. 8(b), where the tbtcal value is computed using

equation (32). It is obvious that there is a significant SINggrddation in the passband due to
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the ISI and ICI. For a received signal with 20dB SNR over a 389 multipath channel, the
average SINR of the down-sampled signal is reduced to 13dBdrpassband. Therefore, the

performance of the VC receiver can be limited by increasetennumber of channel taps

D. BER Performance

In terms of testing the BER performance of the VC receivetesyswe assume the transmitted
M2M messages are mapped in to the first 90 sub-carriers oMtz LTE channel. According
to Fig. 7(a), the SINR values of sub-carriers 1-90 would motalfected significantly by using
sampling reduction ratio ofy = 8. Therefore, in this section, we will examine the BER
performances of sub-carriers from 1 to 90.

The BER performance of the VC receiver over the AWGN chansishiown in Fig. 9(a), we
compared the theoretical value of the normal OFDM systenvel@ifrom equation (36) - (38)
and the simulated value of the VC system. It is obvious thatM@® receiver system can achieve
the same BER performance compared with the traditional l&deiver even when reducing the
receiver ADC sampling rate. The BER performance of the Rglgléading channel is shown in
Fig. 9(b). The BER performance of the VC receiver systemasely matched with the normal
OFDM receiver performance obtained from equation (40) J.(Rere are slightly higher BER
values forE, /N, between 25dB to 30dB. The reason for that is the VC receivetesy causes a
small SINR degradation around sub-carrier 90, especialhigh input SNR. However, the VC
receiver system still can perfectly decode the transmitieddata rate M2M messages without
significant BER degradation by using only 1/8 of the ADC powaed reducing the computational
complexity from 11264 operations to 1024.

In order to measure the BER performance of the VC receivectdt by both ISI and ICI, this
paper increased the multipath Rayleigh fading channel 280s 300 and 500 with.cp = 144
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Fig. 9. BER Performance of VC Receiver System, ButterwoNh= 2048, Lcp = 144, v = 8.

and the result is shown in Fig. 10. The theoretical BER vatueamputed by substituting the
SINR value from equation (32) into equation (41), which elgsmatches with simulations. It
clearly indicates that by increasing the number of charaps,tthe BER degradation will increase
significantly due to the presence of ICI and ISI. When the oeamaps increased to 500, the
gap between the OFDM system and the VC system becomes srhalmieans the CP is no
longer to protect the received signal against ICl and ISIm@Bared with the standard OFDM
receiver, the VC receiver is more sensitive to the numberhahaoel taps/. Therefore, the VC
receiver system might not suitable for some very bad chatoraitions, so future studies might
focus on how to reduce the ISI and ICI effects while at the sime reducing the cost of the

receiver.

VI. CONCLUSION

In this paper, a practical virtual carrier receiver systenplioposed that uses a narrow band
analogue filter and a much lower sampling rate ADC in order Xtvaet the low data rate
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Fig. 10. BER Performance over a much longer Rayleigh flanfpanultipath channel, 16-QAMy = 8, Lcp = 144.

M2M signals while significantly reducing the ADC power congution and the computational
complexity. In order to modify the existing LTE communieati systems to support low data
rate M2M devices, the VC receiver can significantly improve LTE bandwidth efficiency and
cost-efficiency. At the same time, it provides high SINR arfBRBperformance close to a full
sample rate OFDM receiver for the sub-carriers of inter@stondly, this paper has derived the
theoretical analysis of the VC receiver performance, wipelfectly match with simulations.
The theoretical equations account for the effect of alspread on the sub-carrier location,
and this helps to the system designer to evaluate what kiriidtexks and receiver sampling rate
can be used to balance the energy cost and detection perfcemihis paper highlights that
the VC receiver system could be a suitable solution to sugherM2M communications based

on the LTE standard.
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