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1 Introduction

The objective of PHYDYAS is to propose a physiafdr for future radio systems that is more
efficient than the present OFDM (Orthogonal FreayeRivision Multiplexing) physical layer and
better suited to the new concepts of DASM (DynarAikcess Spectrum Management) and
cognitive radio. The fundamental change is thea@aphent of the OFDM with a multicarrier
system based on filter banks (filter bank basediroairier, FBMC).

The move from an existing physical layer to a new@ cequires a certain degree of acceptance and
common understanding within the community. Thiceptance nowadays is inalienable to
successfully promote the new physical layer. Tahethis acceptance the community has to be
convinced of the gains the new physical layer gtesi Performance improvement naturally is one
of these gains. However, to assure that the newipdiylayer may become reality, further aspects
need do be considered:

» [Easy migration
The migration from existing transmission schemestrbe not too complex and expensive
to be realized by involved groups (provider, staddation community).

» Easy legacy support
The replaced physical layer should still be supgabgt least for some time, to reach a
smooth transition, both for the consumer and tlo@igder.

* Cheap dual modeterminals
Once a new physical layer is accepted by the contgnand even first deployments are on
their way, already deployed ones based on OFDMysw@n't be shutdown instantly. Thus
dual mode terminals operating in both network tygesfeasible.

» Easy comparability
To convince the community of the achievable gaims,new physical layer has to be
comparable to existing solutions in terms of comipyeand performance.

All these preconditions suggest to aim for as mecmmpatibility to existing solutions as possible
without trading to much performance.

This work package somehow differs from the othkssmain target is not to provide an algorithmic
investigation of a specific part of the new phykiEger. Instead its role is to assure that the
preconditions mentioned above are considered. Blastbe work package is split into four parts:

» compatibility at specification and system parambteel

» compatibility at the initialization phase

» techniques and algorithms to automatically iden@fyDM and FBMC signals
» reconfigurability of terminals in hardware and saite

This deliverable is structured as follows: The setohapter recapitulates the actions taken to reach
a common basis within the consortium with respedhe base version of the transmission system
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studied in PHYDYAS. The common ground of the FBMfluton and the OFDM based physical
layer taken as reference here is depicted (WiMAX @ecided to be that reference system). Then,
the necessary adjustments to evolve this baseovetsithe FBMC solution are described. Further
possible adaptations, not necessarily crucial fr tundamental operation, but leading to an
improved performance, are next. This way a mulatuof solutions varying in terms of
compatibility and performance are available. Nenet the investigations performed regarding the
compatibility at the initialization phase. Aftervasrthe techniques for identification are presented.
Finally the reconfigurability of the terminals imfdware and software is assessed.

2 OFDM based physical layer evolved in PHYDYAS

At the preparation of the project it was decided integrate the algorithms and structures
investigated in PHYDYAS into a state-of-the-art QWbDased system (WiIMAX was chosen).

Thus, at the first semester of the project the mask of this work package was to introduce
WIMAX and its components/behaviour to the consaontiulhis way the algorithms and structures
developed in PHYDYAS can use WIMAX as a startingnp@and the target of high compatibility

can be easier guaranteed. To introduce WIMAX to tasortium several documents were
produced and distributed:

*  WIMAX forum channel models [1]
This document was intended to harmonize tled shannel models of all
partners and to guarantee the use of modeépted within the community.
This is important to gain acceptance.

*  WIMAX system profile [2]
Basic parameters and configuration of WiMAXre introduced here (access
scheme, frame parameters, data processiegssh...). Again the target of
this document was to give the consortiumiatdo start with.

* Framing in WiMAX [3]
More details about the frame structuresrackeided here. Subchannelization
schemes and pilot placement were the ceraeasits.

e Simulator settings [4]
First general decisions made on the siraulaere disseminated here.

* Ranging/network entry in WiMAX [5]
As synchronization is a major theme in EMAS this document delivers
an overview about initial and periodicgary (the synchronization
mechanisms used in WIMAX).

* Residual timing error [6]
A more detailed view to timing synchraation in WiMAX is given.
Especially the tolerances to be metreckided.
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Frequency offset [7]
Similar to the former document now floe tarrier offset.

MIMO in WiIMAX [8]
This document gives an overview aboutkdImodes used in WiMAX.

Channel estimation [9]
The way channel estimation is done withe simulator (for the WiMAX
case) is described here.

From WIMAX to FBMC [10]
The WIMAX version of the simulator wisalized at the date of this
document. Thus, the needed actiomsctade the FBMC solution into
the simulator are depicted here. Eigitlg the mapping to the different
work packages is included.

Preamble and sounding zone [11]
A further look into the use of predesband sounding zones in WiMAX
Is given here. This document espBciaas targeted to inform the
partners working on preamble baséidh@son/synchronization about
the tools WiIMAX provides.

Burst allocation in WiMAX [12]
Burst allocation in WiIMAX downlink gificantly differs from that in
WiIMAX uplink. This document was inied to describe the respective
schemes to the work package dedidatscheduling.

The basic system parameters of the physical laybe tevolved are chosen as follows:

Table 1: System parameters

Parameter name value
number of subcarriers 1024
carrier frequency 2.5 GHz
bandwidth 10 MHz
sampling rate 11.2 MHz
subcarrier spacing 10.94 kHz
normalized length of cyclic prefix 1/8
frame length 5ms
coding scheme CTC
code rate 1/2
number of turbo iterations 4
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3 Evolving the physical layer to FBM C mode

The adjustments done to the physical layer usdohas (WiMAX) are twofold. On the one hand

there are the necessary changes, to evolve the Obd3kd physical layer to the solution proposed
by PHYDYAS. The next chapter describes these adjeists. Afterwards further adjustments to

improve the performance are presented.

3.1 From OFDM toFBMC

Figure 1 illustrates the necessary adjustmentddottansmitter to implement the FBMC mode
(White blocks are common to both modes, blue omesFBMC specific, orange ones OFDM
specific. Green blocks indicate structures neededboth modes, however, differing in
implementation):

burst | frame R E':I)és | IFFT to channel
gen. “|building ! : 1 CPin g
| + place
| Filter
:%A(‘Ql\ilt/clj | bank

Figure 1. Transmitter including FBM C mode

Burst generation includes the bit source, forwardrecoding and symbol mapping. In the multi-
user case several bursts are generated.

The frame builder generates the frames to be tréteshincluding the user bursts and the preamble
(in DL). These two blocks are common between OFDM &BMC mode. No adjustments are
necessary here, as the methods used in WiIMAX gylicaple to the physical layer investigated in
PHYDYAS. Naturally adjustments may be viable; hoem\at this point just necessary adjustments
are included.

The first addition is the OQAM block. He is specifo the FBMC mode. In OFDM mode it gets
bypassed.

Pilots are needed in both modes. However, thetutation differs. In OFDM pilots are simple
BPSK symbols. In FBMC pilot processing is a bit maomplicated. As channel coefficients
typically are complex (in baseband notation) th&eriierence caused by adjacent data symbols
would disturb channel estimation. To solve this tarathe auxiliary pilot method is used in
PHYDYAS [13] to cancel this interference.

Once the frame is completed signal generatioriggdred. In OFDM mode IFFT and the insertion
of the cyclic prefix do the job, in FBMC mode thgnthesis filter bank is invoked. Here the most
significant adaptation is necessary.
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Figure 2: Receiver including FBMC mode depicts tlezessary adjustments to the receiver to
implement the FBMC mode (White blocks are commorbtth modes, blue ones are FBMC
specific, orange ones OFDM specific. Green blocldicate structures needed in both modes,
however, differing in implementation):

from channel | FFT Joct /evnch I | burst 5ymb/Bi
CP out est./synch./equal. "|collect. | proc.
| Filter
bank e
to QAM

Figure 2: Receiver including FBM C mode

Corresponding to the signal generation at the mnéttes the received signal get’s transformed using
a FFT after the removal of the cyclic prefix, if DM mode is active. In FBMC mode the analysis
filter bank does the transformation.

Channel estimation, synchronization and equalinagiee required in both modes, differing in their
implementation [13][14][15].

Only in FBMC mode the conversion from OQAM to QAgbols is needed. In OFDM mode this

block gets bypassed.

Burst collection and symbol/Bit processing agam @mmon to both modes.

The move from the existing physical layer using ®Ffb a mixed physical layer using both
OFDM and FBMC require some changes. In PHYDYAS WikKlavas chosen as the reference
system and the differences between the two syshemms been identified. The envisaged use of
FBMC in a network is that stations capable of doF§MC should also be capable of doing
OFDM, i.e. dual mode terminals at least in a tri@msi period. This will ensure backward
compatibility with legacy systems and ease a mignatoward use of FBMC. In case a BS is
capable of doing FBMC, certain zones within therfeacan be allocated for FBMC if there are
associated MS capable of doing FBMC. The FBMC atigtiare associated in the network using the
normal procedures used by other OFDM stationsalnianging is done as for OFDM. In addition
they describe their FBMC capabilities to the BSe TS allocates a special zone to the FBMC
stations, preferable at the end of the uplink avmlink frames. The reason for having at the end is
to minimize the disturbance for the OFDM stationgich will not be able to demodulate the
FBMC signals. Another reason is to minimize therbead since FBMC requires a time gap
between the OFDM and FBMC zones. The TTG and RT3 getween downlink and uplink can
be utilized as the gap on one side.

A dual mode transmitter is being built in WP9 ahd main differences between OFDM stations
and FBMC stations on the transmitter’s physicaéfegre listed below.

Downlink PUSC without segmentation:

In downlink PUSC the pilot pattern within a clusiteras shown in Figure 3a). The cluster size is 14
(in frequency) x 2 (in time). A similar cluster stture can be used for FBMC as shown in Figure 3
b). However, in order to ease the calculation efdahxiliary pilots a modified pilot position scheme
is preferred as shown in Figure 3c). Data subaartie each MS is scattered in different clusters
along the frequency axis. In WIMAX there is roont 80 subchannels along the frequency axis
using 840 carriers (including pilots). Due to thetter attenuation of the out-of-band signal when
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using a filterbank, more carriers at the band edgesbe used for data transmission. Maximally,
912 subcarriers can be fitted into the 10 MHz badtw With constraint that there shall be an
integer number of subchannels along the frequerisy the maximum number of usable carriers is
896 (including pilots). This results in 32 subchalsnalong the frequency axis. The allocation
scheme for WIMAX and FBMC will therefore be diffetesince FBMC have to support a larger
number of subcarriers, but it does not necessany te any big changes. A WIMAX station has to
support different allocation schemes in any cas# the FBMC allocation scheme will just be
another one. This applies both to the logical amgsal allocations.

) Downlink
Downlink PUSC clusters
PUSC clusters using segmentation
Downlink Downlink with reduced with reduced
PUSC cluster PUSC cluster pilot computing pilot computing
WiMAX 14 x 2 FBMC 14 x 2 FBMC 14 x 2 FBMC 15 x 2

© Data subcarrier

@ Pilot subcarrier

@ Auxiliary pilot subcarrier
O Null subcarrier

1
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a) b) c) d)

Figure 3: Downlink PUSC

Downlink PUSC with segmentation.

For downlink PUSC with segmentation the physicaigiement of clusters belonging to one
segment are scattered over the entire frequengyerdh is assumed that the radiated signal in
different segments are not phase coherent whicmsnézat a frequency gap of one carrier is
required between the clusters. The cluster sizeWdviIAX is 14 (in frequency) x 2 (in time)
subcarriers. Using a cluster size of 15 (in freqyex 2 (in time) for FBMC allows for one empty
carrier between the slots and 30 subcarriers aloadrequency axis using 900 active carriers, ref
Figure 3 d). This is exactly the same as for WiMADhe resulting increase in efficiency comes
from removal of the guard interval which is up &23%.

Uplink PUSC

Uplink PUSC is a particularly difficult case for ME. A guard subcarrier needs to be inserted
between every pair of adjacent tiles, which areagallocated to different users. Furthermore, due
to slot rotation, different users are allocateddasecutive tiles in the time direction.
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The tile size for WIMAX is 4 (in frequency) x 3 (iime) subcarriers containing 8 data carriers and
4 pilot carriers, ref Figure 4 a). A slot is 6 $l€24 in frequency x 3 in time subcarriers). The
number of slots along the frequency axis is 33NMMAX.

Using the same tile size in FBMC would result icessive overhead due to guard subcarriers and
time gaps. The overheads can be reduced by inngetse tile size in either or both directions, or
by dropping slot rotation. These changes wouldcefba frequency diversity due to smaller number
of tiles and/or less effective slot rotation. Alflee tradeoffs between frequency diversity and
granularity of data rates would become more cltitiEgyure 4 b) and c) shows two alternatives for
uplink PUSC; without slot rotation (5 x 3) and walot rotation (5 x 6) where the pilot density is
similar to that of WiMAX.

In WIMAX there is room for 35 slots along the fremcy axis using 840 carriers. In FBMC the
corresponding number is 30 both with and withoot sbtation. This results in a capacity loss of
14.3%. The gain in capacity by omitting the cygrefix is equal or less than 12.5% and depends
on the number of OFDM symbols used. The resultiaygacity loss for FBMC over WiMAX on
uplink PUSC is therefore at least of 1.8% (14.3%2-5%).

Uplink Uplink
Uplink PUSC tile PUSC tile
PUSC tile FBMC 5x 3 FBMC 5x 6
WiIMAX 4 x 3 without slot rotation with slot rotation
@00 200002 20000Z000002 @ Data subcarrier
©@0eo OO0COO OO0000000000| @ Piot subcarrier
@ Auxiliary pilot subcarrier
© 0 0 000000, 000000000000 O Null subcarrier
@0 e 200002 200000200002
symb&_
duration
symbol symbol
duration duration
a) b) C)

Figure 4: Uplink PUSC allocationsfor WiMAX and FBMC

AMC

For downlink AMC the same slot size can be used¥aviIAX and FBMC, ref Figure 5 a) and b).
Due to more usable carriers for FBMC the numberslots along the frequency axis can be
increased from 48 (WiIMAX) to 50. This, combined lwthe omission of the cyclic prefix, results in
an increased capacity of 17.2% (50/48 * 9/8 * 100%)

In the uplink AMC23, the main modification is todaduard subcarriers. Assuming static allocation
of subcarriers to slots, this would necessitateuge of 19 subcarriers for each slot. If two adjace
slots are allocated to a single user over the wWAME zone, the guard subcarrier in between is not
necessary. However, to be able to utilize this ipdiyg, the subcarrier allocation to slots would
depend on scheduling, which is probably not pratti€herefore, the use of 19 subcarriers per slot
is assumed, and the pilot pattern follows Figur®.3f the allocation of slots along the time axis
belongs to different users within an AMC zone iblpably most efficient to insert an empty slot
between the users in order to maintain the reguame and pilot structure. The number of slots
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FBMC over WiIMAX comes from removal of cyclic prefixhich is equal or less than 12.5%

AMC 2 x 3 AMC 2 x 3
AMC 2 x 3 slot slot
slot Downlink Uplink
WIMAX FBMC FBMC
© 0 O (000000 (000000 @ Data subcarrier
©oo 000000 ©00000 %Zgi}I;L:S(;)?Irgltesrubcarrier
®@ O 0 200000 00000 O Empty subcarrier
(ONONG 000000 000000
© 0 0O 000000 000000
ON O O02e00 O02e00
© 00 000000 000000
© 00 000000 000000
©o0oe OC002e O0002e
© 0 0 000000 000000
© 00 000000 000000
@ O O 200000 200000
© 0 0 000000 000000
© 0 0 000000, 000000
© @0 02800 028000
© 00 000000 000000
© 00 000000 000000
ONON 00002 00020
000000
a) b) 3

Figure5: AMC allocationsfor AMC

Modulation

The same modulation types are used for WIMAX andMEB i.e. QPSK, 16QAM and 64QAM.
The difference is that FBMC uses offset QAM modolat This requires some preprocessing of the
signal in front of the IFFT. Corresponding procaegsn the receiver is also required.

Pilots

The pilots in WIMAX are data independent. The positand value of the transmitted pilots are
known at the receiver. Simple estimation of theenezd pilot amplitude and phase yields estimates
for the channel’'s amplitude and phase for thatUdesgy bin.

This is not the case for FBMC. Here the concemuwiiliary pilots is used. In this approach, a pilot

consists of the main pilot and auxiliary pilot, whitogether correspond to one modulated OQAM
symbol. Adjusting the primary part of the auxiliapfiot depending on the surrounding data

symbols, the secondary part of the main pilot caridoced to take any desired value. For example
the secondary part of the main pilot can be fottcebe zero. Utilising this idea, pilots can be used
in a similar way as in OFDM.

Since the value of the auxiliary pilot depends lo@ $urrounding data some processing is required
after the physical mapping of the data for caléokabf the auxiliary pilots. In addition the offset
QAM also requires a phase rotation of the signdtont of the IFFT. This block is an additional
function for FBMC compared to WiMAX.
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|FFT
FBMC is using the same IFFT size but it computetpwusignals at twice the speed compared to

OFDM. FBMC produces two output vectors from thETRper “OFDM symbol”

Filterbank
This function is used only for FBMC. The filterbanknsists of a polyphase filter with a structure

as shown in Figure 6. The filterbank shown in figsire spans four symbols. The computational
complexity of the filterbank is in the order of fomultiplication and four additions per output
sample. In addition memory for storing seven sétaugput data from the IFFT is required.

Synthesis filterbank
| ) | S ] )
QAM e | |83 (a3 |a |8
() 1)) [ [} [} ()] wn
pre  [1024,/1024ptslio24l| S |2 |2 |5 (2|5 |35
—* po- »| IFFT s|s|s|s|g|g|g
cessing % % % % % % %
rlNv]w|s]laflo ]|~
= = = =
o o o o
o o o o
~ ~ ~ IN
filter(1:1024) (1024 v 1024
filter(1025:2048) |F£022 ' 1024
9 OutPF
filter(2049:3072) 1924 ;(g) + 1024
filter(3073:4096) 224 =® 1024
Figure 6: FBMC filterbank
Cyclic prefix

Adding the cyclic prefix is done by copying thetld$8 of the OFDM symbol to the start of the
symbol resulting in an OFDM symbol containing 9f8ds the number of samples of the original.
Cyclic prefix is not used only for OFDM, not for FEC.

Windowing

Multiplication by a window function might be reqged in the uplink direction at the borders
between different users. This function is placethntime domain after the filterbank. The firstlan
last samples are multiplied by a smooth window fiamc This applies both to the transmitter and

receiver.

3.2 Improving the performance of the new physical layer

One of the good features using FBMC is that it jgoaverful tool for introduction of DASM. In

order to compare the performance of OFDM and FBMUMAX was chosen as a reference
system. Better usage of carriers at the band edgdsomission of the guard interval leads to
increased spectral efficiency for FBMC comparedOBDM. The ability to suppress adjacent
interferers will increase the efficiency of the FBMsystem further in a dynamic spectrum

management situation.
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In order to keep compatibility with WiIMAX the FBME€specially the uplink PUSC suffers from a
loss in capacity. The reason for that is that ilet pattern and density is kept as similar to WiMIA
as possible. A further restriction is that the nembf data carriers within a slot is always 48 for
WIMAX. If this restriction is not imposed on the W it is possible to have larger tile sizes. This
might affect the frequency diversity gain for altions using small FEC blocks. Under the
assumption that the messages are fairly long, IRES@ blocks can be used which will spread the
message over the entire allocated bandwidth. Tiagild then assure that the diversity gain is
maintained even for larger tile sizes. Another w@yncrease the diversity gain without changing
the basic allocation patterns is discussed latdrinvthis chapter.

Further gain in capacity can be achieved by allgvdhanged pilot pattern. Less dense pilots can be
used. In the receiver the synchronization can bsedbaon preamble and data aided methods
combined with estimations based on pilots.

The basic parameters of a multicarrier systemlaeverall bandwidth, the number of subcarriers,

the subcarrier spacing and the symbol length (aflyuthese parameters are depending on each
other). A more detailed investigation worth are shubcarrier spacing and the respective symbol
length. Their choice has several impacts to theadigansmission.

In basestation ruled networks (such as WiMAX) synaoization is mainly done by measuring the
offsets (both frequency and timing) within the siaBon and appropriate messaging, increasing
the signalling overhead. Mobiles are not allowedramsmit data until defined accuracies are met,
leading to higher latencies.

The system under investigation within PHYDYAS issid@ed with increased spectral efficiency
and lowered latency in mind. By using reduced ngiagabetween the basestation and the mobiles
efficiency is increased, latency is lowered. Themef a major point in PHYDYAS is
synchronization by dedicated algorithms at theiveceTo perform timing synchronization within
the receiver multi-tap equalizers are needed. Witlti-tap equalizers a given amount of frequency
selectivity within the range of a single subcardan be tolerated. Thus, broader subcarrier spacing
may be adequate.

Table 2: General settings

link type downlink

filter type original CNAM version

K (overlapping factor) 4

pilot method auxiliary pilots

pilot boost 2.5 dB (aux. pilot + main pilot
excess ratio (burst truncation) 1

raised cosine ratio (burst truncation) 0.1

permutation mode AMC23

modulation 16 QAM

FEC CTC, code rate 1/2, 4 iterations
packet size 64 Bytes

Subcarrier spacings under investigation: 10.94 H#&/iMAX spacing), 21.88 kHz, 43.76 kHz and
87.52 kHz.
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Burst placement is done in that way, that for aogceng the burst spans the same frequency/time
range. Burst dimensions in number of subchannets/akre adjusted accordingly:

downlink subframe

PUSC | AMC23

user burst frequency range
(f,, number of subchannels)

A

time length

(T,, number of time slots)

Figure 7: user burst placement

Ty and f are kept constant (E 0.274 ms, = 6.1 MHz). Thus, the number of time slots and the
number of subchannels allocated depend on the sidrcgpacing:

Table 3: Allocation dimensions

subcarrier spacingjnumber of time slots / number of subchannkls
10.94 kHz 1/32
21.88 kHz 2/16
43.76 kHz 4/8
87.52 kHz 8/4

First perfect channel knowledge is assumed. Noueqy / timing offsets (beside Doppler) are
present. Diverse equalization strategies (zeroirfgrevith 1 and 3 taps, MSE with 3 taps) and
diverse channel models (Ped B 3 km/h, Veh A 60 kanfth Veh B 60 km/h) are investigated:
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Figure 8: BER performance (before FEC) for different equalization strategies (Ped B 3 km/h)
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Figure 9: PER performance (after FEC) for different equalization strategies (Ped B 3 km/h)
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Figure 10: BER performance (before FEC) for different equalization strategies (Veh A 60 km/h)
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Figure 11: PER performance (after FEC) for different equalization strategies (Veh A 60 km/h)
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Figure 12: BER performance (before FEC) for different equalization strategies (Veh B 60 km/h)
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Figure 13: PER performance (after FEC) for different equalization strategies (Veh B 60 km/h)
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Several impacts are visible:

With increasing subcarrier spacings the frequeretgcsivity within the subcarrier range
increases reducing BER performance (Figure 8 agdr&il0), if single tap equalization is
used. Loss significantly reduced by using 3 taps.

With increasing subcarrier spacings the frequernge a FEC block spans is increasing.
Therefore, the diversity gain is increasing (Fig@rand Figure 11). With 87.52 kHz the loss
due to the frequency selectivity within the subearrange gets dominant, if single tap
equalization is used. If 3 taps are used, gaintduecreased diversity not totally consumed
any more.

Veh B considers much higher delay spreads than Weleading to a much smaller
coherence bandwidth. Here, already with a spacin§0®4 kHz the channel within the
range of a single subcarrier cannot be treatethadricreasing the subcarrier spacing is not
advisable in scenarios reflected with such higlaylspbreads. Once real channel estimation
is applied things should even get worse. The dityegain here naturally is smaller, as the
correlation between the channel coefficients oheglt slots is rather small even with small
spacings. Even 10.94 kHz leads to significant difgibetween and within the slots.

With 10.94 kHz and 21.88 kHz (Ped B and Veh A) ainghrough the use of several taps,
as the channel within the subcarrier range is drfais With Veh B even with 10.94 kHz
three taps have to be used to be able to equakzehiannel.

These results nicely illustrate the fact that samibit error rates before error correction not
necessarily lead to similar performance after ecanrection. Obviously the bit error rate before
error correction does not tell the complete story.

The used subcarrier spacing naturally impacts adlagstimation based on scattered pilots. If the
position of the pilots within the frame is keptgthdistance in Hz grows with growing spacings.
Thus interpolation accuracy between the pilotsesaff

The following figures confirm these assumptions:
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Figure 14: BER perfor mance (before FEC) for different equalization strategies (Ped B 3 km/h) with real channel

estimation based on linear interpolation
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Figure 16: BER perfor mance (before FEC) for different equalization strategies
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Figure 17: PER performance (after FEC) for different equalization strategies
(Veh A 60 km/h) with real channel estimation based on linear interpolation
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Figure 18: BER perfor mance (before FEC) for different equalization strategies
(Veh B 60 km/h) with real channel estimation based on linear inter polation
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Figure 19: PER performance (after FEC) for different equalization strategies
(Veh B 60 km/h) with real channel estimation based on linear inter polation
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Table 4 summarizes the results. As expected thé demnel spacing with respect to PER
performance depends heavily on the channel chaistate (delay spread, Doppler spread).

Table 4: Optimal spacingsfor different channel models under the given constraint (spacing needsto be a
multiple of the WiM AX spacing)

channel model best spacing with respect to PERpe&nce
Ped B 3 km/h 21.88 kHz
Veh A 60 km/h 43.76 kHz
Veh B 60 km/h <5.47 kHz

Increasing pilot density in frequency direction ighiecreasing pilot density in time direction (to
keep overall pilot overhead constant) could improlkannel estimation. A possible pilot scheme is

depicted in Figure 20:
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(a) (b) (c)
Figure 20: (a) WiMAX placement, 10.94 kHz; (b) WiMAX placement, 21.88 kHz;
(c) alter native placement 21.88 kHz (white rectangle = data, blue rectangle = pilot)

Figure 20 (a) depicts the pilot placement as itlame in WIMAX in the case of AMC {f=
frequency range of a single subchannel with WiMAd@ng, T = time range of a single time slot
with WIMAX symbol lengths). In time direction pilstoccur periodically everysIseconds. The
minimal distance between the pilots in frequenagdation is 32.82 kHz. If this scheme is kept in
the case of broader spacings (Figure 20 (b)) tbguincy distance is increasing (e.g. 21.88 kHz
spacing> 65.64 kHz minimal distance between pilots) while period in time direction is halved.
Figure 20 (c) finally depicts an exemplary altewveapilot placement, where the average frequency
distance again is lower. Here tolerance to highylspreads/low coherence bandwidths is increased,
if the coherence time exceeds ©On the other side the estimation of carrier fesopy offsets gets
penalized. The optimal scheme naturally dependtherargets of the system. If higher speeds of
the mobiles are to be supported, pilot distancene direction must be lowered; if higher delay
spreads are to be tolerated pilot distance in #rqu direction must not be too high.
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Conclusion:

The capability of the forward error coding (FECheme to benefit from frequency diversity

increases with increased spacings (naturally nimiiely), as the FEC blocks are spread over a
broader frequency range. This way the probabilityao error burst, the FEC cannot handle, is
significantly reduced.

Obviously, if the characteristics of the cells arghat way, that the delay spreads are within the
range as in Ped B and Veh A, broader spacingsyeeail be supported. This way for a given
bandwidth the number of subcarriers is reducedingatb an overall reduction of the system
complexity (holding for both the filterbanks andetBynchronization/equalization subsystems) in
number of multiplications per multi carrier symbodlaturally the number of multiplications per
second is not affected in that way, as the duratfaime multi carrier symbols is reduced when the
spacing is increased. The need of chip area isdréat the necessary speed of the circuits.

4 Compatibility at initialization

High performance transmission systems require dialination phase which, generally, consists of
time and frequency alignment, as well as channelsemement to provide the information needed
for equalization. In OFDM systems, this task isrie@ out by the FFT, exploiting a preamble and
specific signals called pilots.

FBMC systems also include an FFT, which can beodisected from the PPN (polyphase network)
during initialization. Then, FBMC systems can use same schemes and the same preamble and
pilot signals as OFDM.

However, it is important to optimize both the ialization phase and the transition phase before
data transmission. To this purpose, an efficiept@gch, which is easy to implement and provides a
smooth transition to the FBMC data transmissionsph& the memory preloading technique. The
technique has been presented in document D2.1ifigd}ecalled here for the sake of completion.

4.1 Thememory preloading technique

The FBMC technique exploits a bank of filters dedvfrom a prototype filter through uniform
frequency shifts. As far as initialization is conued, the issue with the approach is the impulse
response of the prototype filter which imposesaagition phase. An illustration is given in Figure
21, where the system has 128 sub-channels andytitieesis filter bank (SFB) in the transmitter
generates a real signal, which implies that 256ch#mnels are used altogether, to account for both
positive and negative frequencies. The prototydeerfilength is L=1025 and the symbol
overlapping factor is K=4. The impulse respons¢hefprototype filter shown in Figure 21 provides
the coefficients of the filter bank.

A crucial feature for the initialization issue st the frequency response of the prototype fiter
zero at the frequencies which are integer multiplethe sub-channel spacing, as shown in Figure
22. With this feature, at their centre frequendils, filters in the bank are independent.

The delay of the linear phase prototype filterlislj/2=512, which corresponds to 2 multicarrier
symbols. When data are applied to the system,msitian phase of 2 symbols is introduced, as
illustrated in Figure 23.
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Now, the objective is to show how the prototypeefiltransition phase for the preamble can be
skipped, which will lead to the same situation &DO!.

Prototype filter impulse response
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Figure 21: An example of prototypefilter impulseresponse
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In an FBMC system, the synthesis filter bank (SBB)he transmitter consists of the inverse FFT
and the polyphase network (PPN), as shown in FigdreThe iFFT receives the set of data to be
transmitted at each symbol and its output is prafgin the memories of the PPN at the symbol
rate. The SFB output, y(n), is fed to the channel.

Now, if the same set of data is repeated at thatiop the synthesis filter bank, the same set of
samples appears repeatedly at the output of trersaVFFT and it is stored in the memories of the
polyphase network. Then, all the memories of thgpgimse network contain the same set of
samples. In these conditions, a periodic signgkeiserated by the SFB and fed to the channel. At
the output of the channel, the received signakisogic and the period is the multicarrier symbol
duration. The structure of the analysis filter b4AkB) in the receiver is shown in Figure 25. The
received signal r(n) is fed to the memories of RN, which contain the same set of samples each.
From the content of these memories, the receigtomes the transmitted data.

PPN
3 m_emo_ries_

—>

data | e > > > [

—>

——— y(n)

Figure 24: Structure of the SFB in the transmitter

PPN
3 m_emo_ries_
P
| E data| / output
() —> > = > IFFT S stream

Figure 25: Structure of the AFB in thereceiver
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Now, if a periodic signal y(n) is to be generatethaut any transition phase, it is sufficient to
preload the memories of the synthesis filter baiitk whe set of samples produced by the inverse
FFT. Then, to demodulate the signal at the outptite channel without the transition phase, it is
sufficient to fill the AFB memories with the firseceived set of samples corresponding to the
symbol length. With this preloading technique, iexpented in both the transmitter and the receiver,
there is no transition phase for the preamble. dct,fin the filter banks, the PPN has been
neutralized, only the FFT remains, as in OFDM.

As concerns the data, they are not periodic andrémsition phase must be kept if the highest level
of performance is required. Therefore, the traositbetween initialization and data transmission
must be investigated, to have a complete view®QRDM-FBMC compatibility issue.

4.2 Cascading preamble and datain OQAM modulation

When maximum efficiency is sought, the FBMC apphoeesorts to OQAM modulation, in which
the multicarrier symbol rate is the inverse of sub-channel frequency spacing as in OFDM, but
the equivalent of the real and imaginary partshaf tomplex data are shifted in time by half a
symbol duration. The two interleaved sequencesimddaare added to form the transmitted signal.
In the preamble, there is little to be gained wiité interleaved sequence and it is set to zera;twhi
is the equivalent of the BPSK modulation in OFDM.

The preamble symbols and the data symbols appearithg two interleaved sequences are shown
in Figure 26, where the preamble symbols are ddnogeP and the data symbols are denoted by Di
and D'i.

v

symbol
sequences 0 0 0 0 D1 D2

» time

transmitted 1 2 3 4
symbol N° | | | |

Figure 26: Symbol sequences and transmitted bur st

According to the memory preloading technique, titedt time for the transmitted burst to start is
the last preamble symbol, as shown in the figurgh\tYis scheme, the first M transmitted samples,
M being the number of samples in the duration ehwticarrier symbol, contain the preamble
symbol P only. The contributions of the preambld data symbols in the 4 first transmitted sets of
M samples are shown in Figure 27.
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Next, the first received M samples are loaded th® memories of the AFB of the receiver to
demodulate the first preamble symbol. The demortuiadf the first data symbol D1 takes place
when the K memories of the receiver AFB contain sgmbol D1, i.e. 4 symbols after. The 3
demodulated symbols in-between are preamble symbols

transmitted signal

symbol N° 1 2 3 4

“’M i 1 IMMI 1}’ Mi‘” PIJ \‘

60 & . . . . . . . . . . .
100 200 300 400 500 600 700 800 900 1000

tim e

Figure 27: First transmitted setsof M samples ( blue: preamble; red : data)

An illustration is given in Figure 28. In the simtibn, the filter bank parameters are as indicated
the above sections, 115 sub-channels out of 12&8ised and the corresponding samples at the
output of the AFB are serialized, as shown in Feg2, to provide the output data stream and give
a global view of the transmission channel. Noté ttedf the transmission capacity is used in the
preamble, since the interleaved sequence has leeén zero as indicated at the beginning of next
section.

Analysis filter bank output

1.5
preamble symbols data
1
0.5
i
|
_1 |
1.5 ) ) ) ) ) ) )
200 400 600 800 1000 1200 1400

tim e

Figure 28: Output of the AFB in thereceiver after serialization

In this simulation, the SFB and AFB are connectackiio back, no transmission channel is present.
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Next, some estimation techniques, which are comynoséd in OFDM systems, are reviewed in
the FBMC context.

4.3 Transmission parameter estimation

As attested by Figure 21, Figure 22, Figure 23 laigdre 27 above, the first half of the second set
of M transmitted samples contains a very small @oation of the data symbol D1 and, therefore, it
can be considered as a repetition of the preampteal, which is necessary to estimate the
channel parameters.

To begin with, the carrier frequency offset cannbeasured by conventional techniques, based on
the signal repetition mentioned above.

Next, the frequency response of the channel isngive the output of the receiver AFB. An
illustration is given by simulation. A channel witkeep fading and the impulse response shown in
Fig.8 is inserted between the transmitter andebeiver.

Channel impulse response

o
pE---
NE---

Figure 29: Channel impulseresponse

Thediscrete Fourier transform of thisimpulse response is used to equalize the sub-channels at the output of the
AFB in thereceiver. The signal obtained after serialization isshown in

Figure 30.
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Sub-channelequalizer output (1coefficient)

1.5 F .
preamble data
| ‘
0.5
0
0.5
-1
1.5k ‘ : : ‘ | : : : M
200 400 600 800 1000 1200 1400 1600

time (receiver output stream)

Figure 30: Output of the AFB after equalization and serialization

In the first preamble symbol, since there is noesppsition of preamble and data signals, the AFB
output is perfectly equalized by the FFT of thersted, which means that the filter bank approach
and the FFT lead to the same estimation.

The next step is the determination of the timinigetfin the receiver, using the outputs of the sub-
channels. A simple and efficient technique consi$tsliminating the modulation at the output of
each sub-channel and, then, computing the inveFSE RWhich provides an estimation of the
channel impulse response. For example, a deldy) adlamples is introduced at the receiver input
and the channel impulse response estimated inntaisner is shown in Figure 31. The delay is
correctly estimated.

Channel estimated impulse response

Figure 31: Channel impulseresponse estimation, in the case of a pure delay
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Now, the channel impulse response of Figure 2%mhined with the delay of 10 samples. The
estimated impulse response is shown in Figure 8airA the delay is correctly estimated.

Estimated channel impulse response

T T

Figure 32: Estimation of time offset in the presence of channel distortion.

Then, the robustness to additive white Gaussiasenisi investigated. The availability of several
preamble symbols in the receiver can be explottezhtry out noise measurements and improve the
signal to noise ratio.

The presence of 4 preamble symbols in the rec&wdue to the fact that the symbol P is present in
4 consecutive blocks of M samples in the transuhitierst. When noise is added to the channel, the
first received set of M samples contains noise $asnwhich are preloaded in the AFB memories
along with the useful signal. As a consequencenthee samples which are added to the preamble
symbols at the AFB output are correlated and thpeeted SNR improvement provided by

averaging over 4 blocks is less than 6 dB.
Aniillustration isgiven in

Figure 33. The channel has no distortion, only tdkinoise and the SNR is 20 dB. The
measurement of the noise power for each of theedrpble symbols yields the following numbers:
[0.0074 0.0080 0.0064 0.0076]. After signal avanggithe noise power is 0.0035, which is a
reduction of about 3 dB.
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Analysis filter bank output
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Figure 33: Output of the AFB after serialization, with SNR=100 (20 dB)
Although the transmitted signal shown in Figurei®Bpecifically designed for FBMC systems to
fully exploit the context, it can be exploited by ®&FDM system as well, to obtain the channel
parameters. By applying an FFT to the first symk#tO, channel frequency response and timing

offset are derived as above. However, in the seamiddthird initialization symbols, the data signal
is present and it impacts the measurements.

Next, the MIMO case is considered and some OFDMrteies are applied to the FBMC context.

4.4 Memory preloading with MIMO

In MIMO systems, a receiver is connected to seveaismitters and the corresponding channel
responses must be estimated. The case of 2 traesmg shown in Figure 34.

chéennel ]

................... DN
receive

transmitter 2 .......................

transmitter 1

Figure 34: MIMO system (2x1)
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With the memory preloading technique, it is possiiol perform the measurements of two channels
simultaneously, invoking the periodicity of the rsids.

The frequency responses of adjacent filters inlthek are shown in Figure 35. At the centre
frequency of filter « i », the responses of neighg filters « i-1 » and « i+1 » are null, as geih

out at the end of section 1. Therefore, in theqaes of constant signals at the synthesis filtekba
inputs there is no interference between the subfatda. Then, it is possible to use the sub-channels
with odd indices to estimate one of the 2 chanmaeld the sub-channels with even indices to
estimate the other channel. Finally, the chanrsaeses at all the sub-channel centre frequencies
can be obtained through interpolation.

amplitude

filter "i-1" filter "i" filter "i+ 1"

frequency

Figure 35: Frequency responses of adjacent filterswithin the filter bank
The process is illustrated in Figure 36. In thewation, two different channels with deep fading
are used and the coefficient vectors are

1-h[1 1 0.5-0.025 0.285]
25h[1-1 0.5 0.0250.285]

At the output of the AFB in the receiver, singleeffiwient equalization is performed, using the FFT
of impulse responses hl and h2 for the sub-chamn#lsodd and even indices respectively.
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AFB output after serialization
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Figure 36: MIMO system (2x1) with frequency interleaved transmission
Clearly, the measurement is accurate, for the diystbol of the preamble.

The extension to MIMO systems with more transnsttman be achieved with a similar scheme. For
example, in a (4x1) system, 4 interleaved groupssuf-channels can be allocated to the 4
transmitted signals. Of course, in that case, @uieacy points have to be interpolated between two
measured values.

If measurement of the channels at all the cenequiencies is required, then multiple preloading
can be implemented with the corresponding increatige duration of the initialization phase.

Note that, in a MIMO system, the transmitted signate synchronized. The time offset and the
frequency offset are the same for all the recesigdals.

4.5 Estimation in the cognitive radio context

A distinctive feature of the cognitive radio cortag that very accurate and reliable spectrum
measurements must be carried out in the presenpetehtially large magnitude signals in the
frequency band under analysis.

In order to illustrate the potential of filter banlka large magnitude sine wave is introduced in the
middle of the transmission band. The preloadingregie is applied, with 3 preamble symbols sent
before the data symbols are applied to the SFBeremitter. The signal obtained at the output of
the AFB in the receiver is shown in Figure 37. Tipper sub-figure shows the real part, which is
the useful signal from which the data are retrievidte lower sub-figure shows the imaginary part,
which is the interference signal. The first 6 syfsbare preamble symbols, followed by data
symbols.
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The channel described in section 4.4 is introduneitie link and a single coefficient sub-channel
equalizer is applied on each of the used AFB outfisiin section 4.4, the equalizer coefficients are
the inverse of the FFT of the channel impulse resppin the absence of the jammer.

The set of samples corresponding to the first syrghve a poor estimation of the channel, due to
the severe perturbation caused by the large matgginusoid. In fact, the situation is similar to

OFDM, for which the spectral resolution of the FisTinsufficient. Then, the filter bank enters into

action and, at symbol 4, accurate channel estimascachieved, in spite of the presence of the
jammer. In fact, comparing symbol 4 and symbol degia clear illustration of the superiority of

FBMC over OFDM for real time spectrum sensing.

Analysis filter bank output

200 400 600 800 1000 1200 1400 1600

Symbol N°= 1 2 3

A

200 400 600 800 1000 1200 1400 1600
time

Figure 37: Analysisfilterbank output in thereceiver (real part and imaginary part), with a large sinusoid in the
middle of the transmission frequency band.

Note that the above approach applies to channeh@&sbn for a group of sub-channels allocated to
a particular user, while others users are actiwén anultiuser uplink.

4.6 Conclusion and recommendations

The filter bank memory preloading technique camadapted to different situations:

1. The transmission starts from scratch and no chanfamation is available in the receiver.
Then, at least one preamble symbol is applied ectidnsmitter input before data symbols
are applied, preloading is used in transmitter @wetiver, and the channel is measured at
the receiver output.
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2. Channel information is available at the beginnihghe burst. Then, preloading can be used
with the first data symbol, which is repeated Kdsrat the output of the receiver.

3. Several channels have to be measured simultanetarsMIMO transmission. Then, the
preamble symbol is distributed across interleawedigs of sub-channels and preloading is
used.

4. Several channels have to be measured at all thehsarnel centre frequencies. Then, the
preloading operation is repeated in both the trasnand the receiver.

5. A high level narrow band jammer is present in ta@$mission channel. Then, a number of
preamble symbols equal to K-1 is applied to thednaitter, before data symbols are applied.

5 Automatic detection of OFDM / FBMC

In this section, we propose a comprehensive OFDithggonal frequency division multiplexing)
modulation signal, FBMC (filter bank based multioar) modulation signal, and AWGN signal
classification system by applying two simple detext preamble detector and correlation detector.
A preamble existence test [1i6]first applied to distinguish the desired signaith preambles from
AWGN signal. When the existence of multicarriemsity is confirmed, correlation test [1de to
the inserted CP (cyclic prefix) in OFDM signal tseh applied to distinguish OFDM signal and
FBMC signal. The module diagram of this classtima system is depicted in Figure 38.

received Pre- OFDM/FBMC
signal i passed i passed OFDM
g Proces.f,mg > Preamble > Recogn|t|'on > ¢
(sampling) Detector (Correlation signa
Detector)
failed failed
A y
AWGN FBMC
signal signal

Figure 38: OFDM / FBMC / AWGN signal classification system module diagram by applying preamble detector
and correlation detector.

Firstly, the received signal is processed by daenversion and sampling, and then preamble
detection and correlation detection are subsequenglemented.

1) Preamble detection

We assume that FBMC signal and OFDM signal haves@mee preamble structure, and the receiver
end knows the preamble information. Therefore, ¢xéstence of multicarrier signals can be
determined using a preamble test. If the testddite received signal is assumed to be an AWGN
signal. Otherwise, a passed test indicates thasigmal is a multicarrier signal (OFDM or FBMC)
and a conventional correlation detector would baiag for further processing.

2) Correlation detection
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Once the multicarrier signal is confirmed, then lassic correlation detector can be used for
distinguishing OFDM signal and FBMC signal. In OFD8yistems, the lastCP = T ;" (T, is the

useful period of one OFDM symbol aiitP is the ratio of cyclic prefix period to useful ) of
the useful symbol is copied to the front of the bgirto eliminate ISI (Inter Symbol Interference)

as shown in Figure 39.
Ts

PTu Tu

x(t)

X(t +TS) —_—

X(t+Ts-PTy) ——

X(t +Ts-Tu)
Figure 39: Correlation detection process

The principle of the correlation test is the classitocorrelation
ROD=[x(t+T.—ox’(dd, 0<7t<T, (1)

wherex (t) is one OFDM symbol, andl; = CP * T, + T.,” is the full OFDM period. Figure 39
illustrates the detection process.

R

1
CP*Tu Tu
FBMC signal

R

CP peak

|
CP*Tu Tu
OFDM signal

Figure 40: Correlation test of one signal symbol with CP = 1/8 and SNR = 6 dB.

Figure 40 shows the correlation test for FBMC arkeD®! with one signal symbol, we can observe
that a CP peak (local maximum value) appears fdDi@Fsignal. Practically, the CP peak may be
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buried resulting from noise and multipath fadingthis case, multiple signal symbols are used, and
(1) is calculated individually for each symbol, mhieirs corresponding autocorrelation results are
added together so that the CP peak can be stremgthe

3) Smulation results

In order to evaluate the performance of correlatitatection, we have simulated a 512-
subcarriers OFDM and FBMC signal with assumed daomh as follows:

v' Multicarrier signals are transmitted at the frequeband with a bandwidth dfOMHz and
centre frequenc®.4 GHz

v" We consider the AWGN channel and frequency seleahannel, respectively. A typical urban
channel is used with total twenty-two taps and agpdelay t ~ 2us”:
Delays=1e-6*[0 0.217 0.512 0.514 0.517 0.674 0.882 1.230 1.287 1.311 1.349 1.533 1.535 1.622
1.818 1.836 1.884 1.943 2.048 2.140] s ;
Powers=[ -5.7 -7.6 -10.1 -10.2 -10.2 -11.5-13.4 -16.3-16.9-17.1 -17.4 -19.0 -19.0 -19.8 -21.5 -
21.6-22.1-22.6-23.5-24.3] dB;
v" The PHYDYAS reference filter bank with an overlapgpfactor “4” is used [18].

Our purpose is to find whether the received siganan OFDM signal or a FBMC signal. This is a
binary signal detection problem, which can be mledehs a hypothesis testing problem. There are

two possible hypotheseH,, andH;:

Hy:  x(t) = Sgppc (0 +n(1) (FBMC signal present)
H;: =x(t) = S,gq, () +n(t) (OFDM signal present) (2)

The probability of false alar@; for a given threshol¥'; is given by:

Q¢ = PoonV > Vr [Ho} )3
For the same threshold level, the probighili detectiorQ 4 is given by:
Q4 =B {V = Vr [Hy) ) (4

Since the receiver knows the system pamnsiesuch as the symbol period, cyclic prefix
period, etc, cyclostationarity detector [19][20] iatn is generally used for blind cognitive radio
signal detection is not chosen for our OFDM/FBMCedton. Herein the above correlation
detection method is applied, s& = R(CP = T,,)" (see Figure 40). 1000 independent cases for
H, andH, are simulated, respectively, and the false alawbability and detection probability are

computed according to (3) and (4) by choosing waridresholdd/;.

The receiver operating characteristic (RO@ves are drawn in Figure 41 and Figure 42 for
AWGN channel and Multipath channel with one sigegimbol “N = 1" and “CP = 1/8",
respectively. Although the results deteriorate wheare realistic multipath channel is considered,
perfect detection performance can be achieved wiserg one signal symbol at the SNR levels
more than 2dB regardless of the channel condition.
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In order to further evaluate the perfong®of correlation detector, worse channel conaitio

(in cognitive radio context) with SNR levelez(0dE) and different CP lengths are considered.
ROC curves for the AWGN channel case with differ€mt lengths (1/4, 1/8, 1/16, 1/32) and SNR
levels (-2dB, -4dB, -6dB, -8dB, -10dB) are shown Rigure 43 and Figure 44. Figure 43
demonstrates the effects of CP length at a fixddRS-4dB”, it can be seen that the larger the CP
length is, the better the detection performancéigigure 44, we observe that detection reliapilit
can be seriously impacted by the decreased SNR letwech can be overcome by using multiple
signal symbols as shown in Figure 45. As a comgpayisffects of multipath channel are shown in
Figure 46 at different signal symbol number and I&fyth, which indicates that the multipath
channels affect detection performance especiaflyhi® case with small CP length. Figure 47 gives
the detection performance with “CP=1/32" and “SN&IB” at different signal symbols.
Unfortunately, more signal symbols are needed kieae the satisfactory performance in this case
because the number of channel taps overpasseartitgen of CP length.

Simulations show that, in practice, usitige correlation detector reliable detection
performances can be achieved with only one sigyrabsl. Moreover, this correlation detector has
also been evaluated in worse channel conditiongn{ttee radio context) assuming the receiver
knows the system parameters. However, in a cegnitdio system without prior knowledge,
energy detector and cyclostationarity detector Ehte used instead of applying the correlation
detector for blind cognitive radio signal detection

Detection probability

—&— AWGN SNR=2dB
—©— AWGN SNR=4dB
—+— AWGN SNR=6dB
—— AWGN SNR=8dB

0997 - - -~

|

|

|

1

J

|

|

|

:
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Figure 41: Receiver Operating Characteristic performance of AWGN channel for different SNR valueswith
fixed N =1and CP = 1/8.
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Figure 42: Receiver Operating Char acteristic perfor mance of multipath channel for different SNR valueswith
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Figure 44: Receiver Operating Characteristic performance of AWGN channel for different SNR valueswith
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Figure 46: Receiver Operating Char acteristic performance of multipath channel for different N and CP values
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6 Reconfigurability

Dual mode terminals are required in order to ensorapatibility between FBMC and WIMAX,
especially at initialization. A possible way toaate resources to both WiMAX and FBMC is to
use different zones for the two types of operation.

DL subframe UL subframe
g Zone 1l Zone 2 Zone 3 Zonel Zone 2
2| OFDM OFDM FBMC OFDM FBMC
3l (Pusc)| (PusC (PUSC
ol or AMC) or AMC)

Figure 48: Frame structure for dual mode networ ks (FBM C zones)

A dual mode station must therefore be able to $wnore or less seamless between the two modes.
As legacy WIMAX terminals must be able to decods/témit the frame control structures
subframes (Preamble, FCH and MAPs in downlink, ir@gn@nd sounding zones in uplink) they
must be transmitted in OFDM mode. Thus, as FBM@iteals must be able to decode and transmit
these elements used for initialization, eitherytheed the capability to decode non FBMC signals.
Naturally this leads to more complex and especiallyre expensive FBMC terminals, however,
this is necessary, to smoothen the transmissiowedeet the physical layers. Thus, a dual mode
terminal must be able to operate both in a pure WiMhetwork as well as a network serving both
WIMAX and FBMC stations. Due to the fact that FBM@d OFDM have strong commonalities the
adjustments to be done to the FBMC terminals atéhad big. More on this follows later.

Another possible way of introducing FBMC to an éxig WiIMAX network is the usage of
dedicated frames:

WIMAX frame (OFDM) FBMC frame
Il pL DL uL Il oL DL uL
8 Zone 1l Zone 2 8 Zone 1l Zone 2
3 3
=] (=2
@ [¢»)

Figure 49: Frame structure for dual mode networks (FBM C frames)

This way FBMC terminals would not necessarily htwvée able to decode the WIMAX frames.
However, the network entry of WiIMAX mobiles may &ignificantly more error-prone, as it relies
on the preamble. There is no way to communicatertainals, if a specific frame is in OFDM or in
FBMC mode, as long as the mobiles have not yetesstally entered the network. For network
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entry a mobile typically uses several successieambles. If FBMC frames are introduced, less
OFDM preambles are usable in a given time periodditonally an OFDM terminal may
accidentally try to synchronize onto a FBMC preaml#\ possible solution to this problem is to
enhance the capability of the mobiles with respecsignal identification. However, existing
WIMAX terminals do not have such functionalitiesdamay thus degrade in performance, if a
network would switch from pure OFDM mode to the hglone. A further possible solution may be
to use OFDM preambles even within the FBMC franidss way network entry of legacy WiMAX
terminals would not degrade in performance. Howewgain the complexity of the FBMC
terminals slightly is increased, as OFDM preambi®ge to be detected.

A logical block diagram of the transmitter is shownFigure 50. In this figure the blocks that are
equal for WIMAX and FBMC are coloured blue. ThedMs that have to operate in dual mode are
coloured green. The dual mode blocks have to chlkogeWiMAX to FBMC from one zone to the
next, which in practice means from one sample ¢onixt.

Encoder Inter- Logical Physical
Conv | Puncture ¥ frame [ frame
leaver
enc map map

Data Sup-
random- Symbol carrier Modu-
izer map randomi- lation
zation

v

Logical Physical
Encoder | | Inter- || Puncture frame || frame
(] (e} leaver map map

MIMO MIMO

Common blocks OFDM/FBMC
Dual mode blocks OFDM/FBMC

Calculate
OQAM |,| and \FET Cyclic Filter

Burst Inter-
trun- [ polation
cation filter

v
v
¥

(>
Preproc insert prefix bank R

pilots.
WiIMAX: Insert pilots WiIMAX: None
FBMC: Insert main pilots. FBMC: Filterbank
Calculate and insert
auxilliary pilots.

WIMAX: None
FBMC: Multiply by exp(d, ),
Double rate

WIMAX: Insert CP
FBMC: None

WiMAX: None
FBMC: Apply filterbank

Figure50: Logical block diagram transmitter

The actual implementation of functions does notessarily follow the diagram in Figure 50.
Several options are possible for the implementafidre test transmitter, which is implemented in
WP9, ref Figure 51, is used as an example to sfmwdual mode operation can be implemented.
The physical layer of WIMAX/FBMC is implemented m Virtex-5 SX 95 FPGA device from
XILINX. In a commercial device, however, the actuadplementation will be an ASIC and a
different design approach will probably be useddhe
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Figure 51: Implementation of WiM AX/FBM C transmitter

The data randomization and FEC are implementechardvare”, i.e. shift registers and logical
operations on the signal is used. The interleawemplemented using a memory where the write
and read sequences are different.

The frame assembly (symbol map, logical and phy$ireae map, subcarrier randomization and
modulation) uses a table driven approach that canctnfigured to generate almost any
configuration of frame, uplink or downlink for WiMA and FBMC operation. There is one table
element per subcarrier and symbol in the frames Tdhle element defines the modulation for that
subcarrier which can be data (QPSK — 64QAM), at@ildocarrier or a silent subcarrier. Gain can
be set independently for each subcarrier. The talsie encodes the logical to physical subcarrier
mapping and can implement almost any conceivablgomg. The frame assembly table need not
be big enough to hold the entire frame at the same

It is up to the MAC layer to calculate the allocatiwhich in turn determines how this table shall be
filled with data. This is a task fitted for a pragtmable device, e.g. an embedded processor. In the
demonstrator, which implements only the physicg¢taof WIMAX/FBMC, this calculation is done

in the PC. The allocation and configuration for rearser, which determines the content of each
subcarrier, is filled into an instruction memonhid instruction memory is large enough to contain
an entire frame. The content of this memory is dedoand the different operations are controlled
using this decoded information. Just as an illasgaexample a block diagram of this machine is
shown in Figure 52.
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Figure 52: Frame assembly and modulation

The calculation of the auxiliary pilots is done ksively for FBMC and is done by calculating a

linear combination of the surrounding data carriditse actual implementation of this is done by
reading data from the frame assembly memory anclleding the FBMC symbols sequentially.

Some elements in the frame assembly table have teedd several times. In WIiMAX the same

operation can be done but without changing the. dsgain, the reading sequence from the frame
assembly table and the coefficients for the lineambination of the surrounding samples are
calculated in software and loaded into an instamctiable such that operation in real time is
possible.

The IFFT is equal for both cases except the FBM§liires IFFT calculations at twice the speed.
The insertion of the cyclic prefix is done only fiMAX. The implementation of this function is
just a modification of the read sequence of th@aiumnemory of the IFFT and this operation comes
with almost no hardware cost. For FBMC no cycliefpris added.

The structure of the filterbank is shown in FigreThe actual implementation of this filter is done
by using only two hardware multipliers, one forlrpart and one for imaginary part. In addition
two adders are used. The multipliers and addersuawr@ng at 200 MHz clock rate. A memory of
size 28 Kbytes is required for the data path (LQEFT size) x 7 (filter length) x 16 bits
(wordlength) x 2 (real and imaginary)). The memsize for storing of the filter coefficients is 8
kilobytes (1024 (IFFT size) x 4 (filter length) » bits (wordlength)). The conclusion is that the
increase in complexity of the overall hardware sdest when the filterbank is included. When the
terminal is operating in WiMAX mode the data flotsough the filterbank, but with a coefficient
set that disables the filtering function. Zero syisbare filled into the signal path to implement
filter preloading. Seamless switching from WiMAX EBMC mode with filter preloading should
be possible using this structure.
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Truncation by multiplying the output signal in thene domain by a window function is done after
the filterbank. This is a memoryless operation tisattone using one multiplier and a window
function memory (or possibly a machine calculatimg window function on the fly). This function
might also be applied to the WiMAX signal in ordereduce out of band radiation.

A concluding remark is that using an FPGA implemagoh of a WiMAX and FBMC transmitter as
a design case, it is possible without any big &ftw implement the transmitter part of a dual mode
terminal. In this design it has been a priorityaimid parallel data paths for WiMAX and FBMC.
The data flows through the same path and operationde is controlled by the signal processing
methods applied to the signal. These methodsramyricase, controlled by instructions read from a
memory or by using different coefficient sets ie fiiters for the two modes.

The signal processing in the receiver is somewhaemomplicated but dual mode operation can
be implemented using the same principles. A large pf the transmitter functions have their
counterpart in the receiver. The transmitter design therefore to some extent be reused in the
design of a dual mode receiver.

The overall conclusion is that dual mode termirtals be designed with just a modest increase in
complexity of the physical layer compared to a gDFEDMA WiMAX terminal.
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