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Executive Summary

This deliverable presents the system level performance evaluation of DAVINCI codes and comparison
with Convolutional Turbo Code (CTC) &iMAX IEEE 802.16m. This is using WiIMAX 16m compliant
system level simulation platform. then investigates the mutual information based physical layer
abstraction for DAVINCI codes, with both QAM symbol level RBIR and@@Hed symbol level MMIB.

In term of system level performance, the gain of less than 0.5 dB achieved by DAVINCI codes at the link
level is quantifiedo less than an average of 5% in term of scheduled average sector throughput, which in
term of user averagthroughput becomes insignificant if several users are scheduled in the sector. This
gain is shown to be higher for users closer to the cell centre, thanks to the higher percentage of selection
of high order MCS wit DAVINCI codes compared to CTC codHss makes DAVINCI codes more
suitable to increase the peak throughput, rather than to significantly improve the average or cell edge
throughputsTaking themeasured (perceived) average sector througtipA/INCI codes were shown to

be more vulnerable to QQ@rediction errors, as these errors have a stronger impact on the performance
with high order MCS (the incurred throughput error is higher for higher order MCS). This incurred the
reduction or even the loss in some casdb@®fjain observed in term of keduled throughput.

In term of physical layer abstractiomhilst no change is required for QAM symbol level RBIR
abstractionthe GF code symbol level MMIB method needs to be tailored to DAVINCHpioary codes.

The latter was shown to be feasible for QPSK and 64QAM modulations wheré GF symbol maps to

m, QAM symbols but quite challengingof the scenarios wherg, > 1 GF mapto m, QAM symbols.
Moreover, the fact that the equivalent channels over all GF LLR values enjoy nearly similar quality in the
nonbinary case, unlike in the binary case, makes the MMIB loose its main advantage compared to RBIR.
This leads to the conclusidhat the RBIR abstraction is more suitatde DAVINCI codes.

For future work, some important topics are identified, mainlyheé)inivestigation of notbinary link level
technologies from WP5 to enable higher aggregate gain for DAVINCI; ii) the mitigadf CQI
prediction errors to preserve DAVINCI gain in term of measured throughput; and iii) the validation of
RBIR abstraction for DAVINCI codes through link level simulations.
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1. Introduction

In the deliverable D2.3.1 [DAD2.3.1], the first results of performance evaluation were provided using
WIMAX |EEE 802.16m compliant system level platform. The results were obtained usihg
Convolutional Turbo Code (CTC) of WIMAX 16m, as byetlime D23.1 was due for delivery, not all
DAVINCI parity check matricenecessary fosystemperformance evaluatiowere available from WPR4
Now the new DAVINCI parity check matriceBave beemrovided by WP4, this deliverable D2.3dkes
these inputs andonducs the system level performance evaluation for DAVINCI cpdedhe same
scenarios as in D2.3.1 for the sake of benchmarking.

In addition to the system level performance evaluation with the new DAVINCI codes, this deliwaible
the framework for mutuahformation based PHY layer abstraction in the context of DAVINCI-non
binary LDPC codes. Specifically, tisaitability of RBIR metric and thehallenges arising for deriving a
metric similar to MMIB for the context of binary codes areestigated

This deliverable is structured as follow&ection 2providesthe system level results obtained with new
DAVINCI codes for the specified simulation scenarios in D2.%éction 3 investigaes the mutual
information based PHY abstractioor DAVINICI non-binary codesFinally, section4 draws conclusions
and provides directions féuture work
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2. Systemlevelevaluationwith DAVINCI codes
2.1 LUT with new DAVINCI Codes

As in [D2.3.1], we consider the MCS recalledTiable2-1 below. We also consider codeword lengths up
to 4 resource units (i.e. 408 QAM symbols) in order to limit the number of LUT needed.

Table2-1: Modulation and coding schemes.

MCS Modulation Coding Rate
{1,2,3,4} QPSK {1/2,2/3,3/4,5/6}
{5,6,7,8} 16QAM {1/2,2/3,3/4,5/6}

{9,10,11,12} 64QAM {1/2,2/3,3/4,5/6}

In the following, we present the configuratiocensidered and corresponding LUT for DAVINCI codes.
These results are obtained with the new DAVINCI parity check matrices delivered by WP4, covering the
scenarios of up to 4 RUs considered for evaluation in [D2.8VE]alsodepict the equivalent LUT for
WIMAX CTC codes for performance comparisdie followingillustrationcodeis used below

1 Line wlor A Modulation Blue (QPSK), Red (16QAM), Magenta (64QAM)

1 Marker styleA Coding Rate: Circle (1/2), Square (2/3), Triangle Up (3/4), Pentagram (5/6)

1 LinestyleA Coding SchemeSolid (DAVINCI), Dotted (WiMAX CTC)

Table2-2: MCS parameters with 1 RU.

Code Word length Ng (QAM symbols) 102
Constellation type QPSK
Constellation size 4
Code Rate 1/2 2/3 3/4 5/6
Word length Kb (information bits) 102 136 153 170
Closest Kb available 144 192 216 240
Constellation type 16QAM
Constellation size 16
Code Rate 1/2 2/3 3/4 5/6
Word length Kb (information bits) 204 272 306 340
Closest Kb available 216 288 324 360
Constellation type 64QAM
Constellation size 64
Code Rate 1/2 2/3 3/4 5/6
Word length Kb (information bits) 306 408 459 510
Closest Kb available 288 384 432 480

CWER

0 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Figure2-1: SNRto-CWER LUT for DAVINCI and CTCcodes withl RU.
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Table2-3: MCS parameters with 2 RU.

Code Word length Ng (QAM symbols) 204
Constellation type QPSK
Constellation size 4
Code Rate 1/2 2/3 3/4 5/6
Word length Kb (information bits) 204 272 306 340
Closest Kb available 216 288 324 360
Constellation type 16QAM
Constellation size 16
Code Rate 1/2 2/3 3/4 5/6
Word length Kb (information bits) 408 544 612 680
Closest Kb available 432 576 648 720
Constellation type 640Q0AM
Constellation size 64
Code Rate 1/2 2/3 3/4 5/6
Word length Kb (information bits) 612 816 918 1020
Closest Kb available 648 864 972 1080
1 2 RU
{
x : %
w A
3 R
P B L t P
e
10°* o A % th _
10°
0 2 4 6 8 10 12 14 16 18 20
SNR (dB)
Figure2-2: SNRto-CWER LUT for DAVINCI and CTCcodes with 2 RU.
Table2-4: MCS parameters with 3 RU.
Code Word length Ng (QAM symbols) 306
Constellation type QPSK
Constellation size 4
Code Rate 1/2 2/3 3/4 5/6
Word length Kb (information bits) 306 408 459 510
Closest Kb available 288 384 432 480
Constellation type 16QAM
Constellation size 16
Code Rate 1/2 2/3 3/4 5/6
Word length Kb (information bits) 612 816 918 1020
Closest Kb available 576 768 864 960
Constellation type 64QAM
Constellation size 64
Code Rate 1/2 2/3 3/4 5/6
Word length Kb (information bits) 918 1224 1377 1530
Closest Kb available 864 1152 1296 1440
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CWER

0 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Figure2-3: SNRto-CWER LUT for DAVINCI and CTCcodes with 3 RU.

Table2-5: MCS parameters with RU.

Code Word length Ng (QAM symbols) 408
Constellation type QPSK
Constellation size 4
Code Rate 1/2 2/3 3/4 5/6
Word length Kb (information bits) 408 544 612 680
Closest Kb available 432 576 648 720
Constellation type 16QAM
Constellation size 16
Code Rate 1/2 2/3 3/4 5/6
Word length Kb (information bits) 816 1088 1224 1360
Closest Kb available 864 1152 1296 1440
Constellation type 64QAM
Constellation size 64
Code Rate 1/2 2/3 3/4 5/6
Word length Kb (information bits) 1224 1632 1836 2040
Closest Kb available 1296 1728 1944 2160

4 RU

CWER

[o
| e L

) B A
i H Cil F A
Al A u
i * S
0 O A% 8
0 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Figure2-4: SNRto-CWER LUT for DAVINCI and CTCcodes with 4 RU.

All above results show very close performance between WIMAX CTC and DAVINCI codes from the
perspective of CWER vs. SNR curvesAWGN, with a slight advantage for DAVINCI. We therefore
expect this to extend to the system level performance, as the specificity of the channel code used is
reflected only by the AWGN CWER to SNR LUT.
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The above results are obtained from link level sitioites. For each scenario, a limited range of SNR
values is used in accordance with the corresponding CWER performance. The SNR maximum is limited
by CWER performance at nearly 40The distribution of SNR at the system level spans a much wider
range (e.gfrom -20 dB to 30 dB). It is therefore needed to extrapolate the above results especially for
SNR values higher than the maximum set by link level simulatiBesides, it is easier and faster if the

data obtained from link level simulations is not inamgied as such in the SLS but rather through an
analytical model with few parameters to store for each scerfeoiothese reasongje resort tocurve

fitting with a polynomial of degreequal to3 for all abovescenariosThis is shown irFigure 2-5 below
for DAVINCI codes( i n

bl ue color with f#fAci
with fApentagr amo

rcled marker for
ma r.Pbeero hijherrerror floar, thepolyreomial apgroximatiora )

sometimes fails for CTC codes, whereas it always works for DAVINCI cobles. validity of this

approximation iclear fromFigure2-5. We therefore storenly four polynomial coefficients per scenario
for DAVINCI codesand usdheseat the SLS instead of the limited rangeasured UT.
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Figure2-5: SNRto-CWER LUT for DAVINCI and CTCcodes withpolynomial approximations

2.2 System level onfiguration and scenarios

We consider the same configuration and scenarios as in [D2Table 2-6 and Table 2-7 recall

respectivelythe scenarios anchost relevant configuration parameters used [[12.3

Table2-6: SLS baseline scenarios.

Scenario no. MIMO mode Channel mix Subchannelization
Al SISO - MRC M-PedB3 CRU
A2 SISO - MRC M-PedB3 DRU
B1 SIMO - MRC M-PedB3 CRU
B2 SIMO - MRC M-PedB3 DRU
C1 SISO - MRC M-VehA30 CRU
C2 SISO - MRC M-VehA30 DRU

Pagel0(29)
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Table2-7: Main SLS configuration parameters.

Parameter Value Parameter Value
Deployment Air Interface
Site-to-Site distance 1.5 Km Carrier frequency 2.5 GHz
Nominal channel
Number of cells 19 bandwidth 10 MHz
Number of used sub-
VI Yes carriers including DC 21
bl oéeslfctors per 3 Cyclic prefix ratio 1/8
L) dlstf':mce to 35m Frame duration 5ms
base station
BS maximum transmit 46 dBm Number of sub-frames 8
power per frame
BS antenna maximum 17 dBi DL:UL ratio 5:3
gain
BS antenna beamwidth .
@3dB 70 deg. TTG time 102.857 ns
BS antenna f_ront-to-back 20dB RTG time 62.857
ratio
MS antennq maximum 0 dBi Number of sub-carriers 18
gain per RU
MS receiver noise figure 7dB Number of RU 40
MS receiver cable loss 0dB PF scheduler EHE8Y 5ms
time scale
MS Therm_al noise 174 dBm/Hz PF schedu_ler latency 10 RU
density scale in RU
Loss (dB) = 130.19 + PF scheduler fairness
el [EES eGLE] 37.6l0g10(R) (R in Km) exponent factor !
Building Penetration loss 10 dB AMC FER threshold 1E-02
Al g Ol 8 dB AMC modulations | QPSK, 16QAM, 64QAM
deviation
SEGIEN S5 (a2 05 AMC coding rates 1/2, 213, 314, 5/6
correlation
Dominant interferer AMC codeword sizes
threshold el (QAM symbols) A2 Ain RS, (0
M-Ped B@3Kmh .
Channel mix M-VehA@30Kmh CQI metric Ifff;fﬁf;"for‘(’éﬁ:)
M-VehA@120Kmh

2.3 System level results

In the following,we focus on the comparison between DAVINCI {NBPC (DAV) and WIMAX CTC
(CTC) codes rather than the comparison of WiMAX 16m for different modes. The latter comparison was
done in [D2.3.1] and remains the same with DAVINCI-NBPC codes

2.3.1 DAVINCI NB -LDPC vs. WIMAX CTC with sub-channelization

Figure 2-6 gives the distribution of the CQI in CRU and DRU afannelization modes in ITU
Pedestrian B channel. It is clear that the CQI exhibits much lower variation in the DRU mode compared
to the QRU mode. This is expected since DRU inherently aims to equalize the CQI across the whole
bandwidth by exploiting the frequency diversity available. This is done through permutation
(interleaving) at the subarrier level.

The higher CQI variation in the @Rmode leads to the selection of higher order MCS, and hence higher
peak user throughputs (for those closer to the cell centre). However, in theigeultontext, the nearly
equalized CQhcross the whole bandwidth in the DRU mode results in more resoaliocated to the

users closer to the cell centre (with higher average SINR), thus higher average user throughputs but lower
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fairness at the cell edge. Thus we expect higher average user throughput in DRU mode thanks to higher
number of resources per sthuled user, but lower average number of scheduled users. This result is
confirmed fromFigure 2-7 (vertical comparison) and the distributions of average numberheidsited

user and average number of resources allocated per user avai[@ii81h

1 = o

0.9 1 r_r‘ ---- DRU []

0.8 l‘: Jj
07 :_I "HJ

0.6
0.5 |_|I !
R
1
0.4 !

0.3 !

CDF

0.2

0.1

NI u
-15 -10 5 0 5 10 15 20
CQI (dB)

Figure2-6: CDF of CQI (dB) for CRU and DRU suthannelization.

Figure2-7 depicts the percentage of MCS selection per distance for CRU and DRU modes with DAV and
CTC codes. Here, we are most interested in comparing DAV to CTC. Thus, the comparison is done
horizontdly acrosgrigure2-7. We can clearly see that with DAV high order MCS are selected more than
with CTC. The percentage gain of selection of high order MCS depends on the user location (the closer
the user to thedall centre the higher the gain of DAV). Thus, DAV achieves higher gain for users in
favourable reception conditions, which is confirmed by the link level resultEifpfre 2-5) where DAV

is found to achieve the highest gains with high order MCS.
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|
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Figure2-7: Percentage of MCS selection per distance.
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Figure 2-8 shows the distributions of average sector throughput respectively for CRU and DRU with
DAV and CTC codes. Both scheduled (as allocated by the scheduler) and measured (as perceived by the
use) throughputs are depicted. The gap between scheduled and measured throughputs reflects the
capability of tracking the channel quality (due to CQI variation) in the given scenario.Higone 2-6,

we can thus expect DRU to benefit from a much better tracking capability (thanks to lower CQI variation)
compared to CRU.

Looking first at the scheduled sector throughput (lefigluire 2-8), DAV is shown to clearly outperform

CTC in both CRU and DRU modes. This is because with DAV the scheduler selects more high order
MCS (cf. Figure 2-7). The gain varies over the range of average sector throughput, in average it is
quantified to nearly 5%. Looking at the measured throughput (righigofre 2-8), we can see that the

gain of DAV nearly vanishes in CRU, whereas it is somewhat preserved in DRU.

1 - 1 o —
e -~ P
0.9 s S 09 oy P
_//" i s i
7y -

08 S 08 o

07 il 07 FL

. T . 7

A7 el
06 ATAE 06 A
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Figure2-8: CDF of scheduled (left) and measured (right) avessagptor throughput for CRU and DRL
subchannelization modes.

The measured throughput results obtainedFigure 2-8 are connected to the capability of tracking of

CRU and DRU together with the percentage of use of high order MCS. Indeed, as previously discussed,
CRU exhibits higher CQI variation, and therefore it suffers from higher probability of CQI prediction
errors. The CQI prediction errors affect more highereosICS as the resulting absolute throughput
errors are higher. In such a case, the DAV scheme which has higher percentage of selection of high order
MCS will suffer more, which explains why the gain observed in scheduled throughput is lost with the
measurd throughput. This is not the case with DRU, since it is much less sensitive to CQI prediction
errors (cf.Figure2-6), and that is why the DAV gain is somewhat presdr

2.3.2 DAVINCI NB -LDPC vs. WiMAX CTC with SIMO

Thanks to its lower sensitivity to CQI prediction errors, we consider here the DRthauohelization
mode. In this section, we compare the performance of DAV and CTC codes for SISO (1x1) and SIMO
(1x2) modes, thus in scenarios A2 and BZ atble2-6.

1 — —
e N .
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Figure2-9: CDF of CQI (dB) forSISOandSIMO modes
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Figure 2-9 gives the distribution of the CQI i8ISOandSIMO modes in ITU Pedestrian B channéle

can clearly appreciate the gain achieved using SIMO as compared to SISO. The gain is shown to increase
with the CQI, reaching nearly 3 dB for high CQI values. This is justified by the fact that in DRU sub
channelization, high CQI values correspond to when the system is noise limited, where SIMO (1x2)
achieves its 3 dB gain over SISO (1x1). For low CQI &ajJithowever, the system is interference limited,

with the dominant interferers also applying SIMO, which lowers the 3 dB gain of SIMO (1x2).

Figure2-10 depicts the ercentage of MCS selection per distanceSt8Oand SIMO modes with DAV
and CTC codesComparig horizontallyacrossrigure2-10, we can clearly see that with DAV Higorder
MCS are selected more than with C8iilarly in both SISO and SIMO modethanks to DAV better
link level performancécf. Figure 2-5). The percentage gaof selection of high order MCS depends on
the user location (the closer the user to the cell centre the higher the gain of DAV).

CTC - SISO DAV - SISO

I-I-I-M W orsk 2 |
I QPsK 213 [T

I I I I QPSK 3/4
[ QPsK 516 ||
[CC16QAM 1/2 ||
[J160AM 213
[ J16Qam 3/4 |4

[C—J16Qam 56
[ 64QAM 1/2 H
I 64QAM 2/3
I 640AM 3/4 [T
I 64QAM 56

Percentage

= S A

0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 00 900 1000

Percentage
Percentage

0 100 200 300 400 500 600 700
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00 900 1000 0 100 200 300 400 500 600 700 00 900 1000

Figure2-10: Percentage of MCS selection per distafoceSISO and SIMO modes

Figure 2-11 shows the distributions of average sector throughput respective§i$@ and SIMO with
DAV and CTC codes. Both scheduled (as allocated by the scheduler) and measured (as perceived by the
user) throughputs are depicted.

Thanks to lower CQI variation (cFigure 2-9), SISO mode is showrotbenefit from a better tracking
capability {.e. lower gap betweertBeduled and measured throughputs) compared to SIMO

Now comparing DAV and CTCljrst at the scheduled sector throughput (left-gfure 2-11), DAV is
shown to clearlyoutperform CTC in bott51SO and SIMO modessimilarly. This isthanks tohigher
percentage of selection of higinder MCSin DAV (cf. Figure2-10). The gain varies over the range of
average sector throughput, in average it is quantified to nearly 5%.

In term ofmeasured throughput (right Bfgure2-11), DAV still outperforms CTC in SIMO but the gain

is clearly smaller than in SISOhis isdueto the capability of trackingh SISOand SIMO together with

the percentage of use of high order MCS .eked, SIMO exhibits higher CQI variation, and therefore it
suffers from higher probability of CQI prediction errors. The CQI prediction errors affect more higher
order MCS as theorrespondingbsolute throughput errors are higher. In such a case, tdaswill

suffer moredue to theithigher percentage of selection of high order MCS
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Figure2-11: CDF of scheduled (left) and measured (right) average sector throughj8isfa(1x1) and
SIMO (1x2) modes.

2.3.3 DAVINCI NB -LDPC vs. WiMAX CTC with mobility

In this section, we compare the performance of DAV and CTC codes for ITU Pedestrian B (@3Kmh) and
ITU Vehicular A (@30 Kmh) channels in SISORU mode, thus scenarios A2 and CZ able2-6.

Figure 2-12 gives the distribution of the CQI iRedBandVehA channed. The higher time selewity of

the VehA channel compared to PedB channel yields a lower CQI and higher CQI variation. The gap
decreases with the CQI, thus the gap is higher for lower CQI value (interference limited scenario).

1 =
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Figure2-12: CDF of CQI (dB) forPedBandVehA channels

Figure2-13 depicts the percentage of MCS selection per distandeeidBandVehA channelawith DAV
and CTC codesComparhg vertically, we can clearly see lower selection of high order modulatior
VehA channel for both CTC and DAV due to the lower CQIl as compared to PedBgfafe 2-12).
Comparinghorizontally, we can seagainDAV to enablehigher percentagef high order MCSthanks to
its better link level performandef. Figure2-5).
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Figure2-13: Percentage of MCS selection per distafocd?edB and VehA channels

Figure 2-14 shows the distributions of average sector throughput respectivelPddB and VehA
channelswith DAV and CTC codes. Both scheduled (as allocated by the scheduler) and measured (as
perceivedoby the user) throughputs are depicted.
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Figure2-14: CDF of scheduled (left) and measured (right) average sector throughfredBandVehA
channels

Due to its higher CQI variation (cFigure 2-12), the scenario with VehA channel suffdrem alower
tracking capability i(e. a higher gap between scheduled and measured throughputs) compared to the
scenario with PedB channel

Comparing DAV and CTC in term afcheduled sector throughput (left Bigure 2-14), DAV clearly
outperforns CTC in bothPedBandVehA channes. The gain in average is nearly 5% in both scenarios.

In term of measured throughp(right of Figure 2-14), DAV is found topreserve its gain compared to
CTC with PedB channelbut not with VehA channel. Similarly to the previous results with- sub
channelization and SIMO (cFEigure2-8 andFigure2-11), this is due to the lower tracking capability in
the VehA channel as a result of its higher CQI variation, on one hand, and on the other hand, to the higher
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percentage of use of high ordexd® with DAV codes which renders DAV codes more vulnerable to CQI
prediction errors and thus results in a higher gap between scheduled and measured throughputs.

2.4 Conclusionsand Perspectives

This chapter presented the system level evaluation of DAVINCI cantsomparison to WiIMAX IEEE
802.16m CTC codes using IEEE 802.16m system level simulator. The Ds®4$NCI codes obtained
from WP4 are used Moreover,the same configurations as in [D234dfe considered for the sake of
benchmarkingThe difference betwan DAVINCI codes and CTC codes is reflected through the LUT
mapping the CWER to SNR on AWGN channels for the different MCS ugweel. DAVINCI gain is
guantified to less than 0.5 dB all MCS schemes included. The gain is higher for higher order MCS.

This gainof less than 0.5 dB at the link level converts into less than 5% (in average) in term of scheduled
average sector throughput, thus almost insignificant in term of average user throughput when several
users are scheduled. However, this gain is not conataoss the user distance from the cell centre; it is
higher for users closer to the cell center where the percentage of use of high order MCS is higher with
DAVINCI codes as compared to CTC codes. This leads to the conclusion that DAYOdEs are
suitalle to increase the peak throughput, rather than average or cell edge throughputs.

The gain was also quantified in term of measured (perceived) average sector throlighpmlitference
between scheduled and measured throughput reflects the capabilggkifigrof the channel in the given
scenario. Three fferent scenarios were comparédRU vs. DRU sulthannelization, SISO (1x1) vs.
SIMO (1x2) modesPedestrian B (3Kmh) and Vehicular A (30 Kmh) channels. The higher CQI variation
of a given scenario, (tBuUCRU compared to DRU, SIMO compared to SISO, and Vehicular A compared
to Pedestrian B)esulted in a lowegain of DAVINCI codesthan the gaimbserved in term of scheduled
throughput, sometimee the extent that the gain completely vanished. This éstduheincurredhigher

CQI prediction errors which impact more the performance igh orderMCS. This renders DAVINCI
codes more vulnerable to CQI prediction errors than CTC codes.

In order to preserve the gain of DAVINCI codes, some mechanisnbearaeeded to mitigate the CQI

prediction errors. Moreover, in order to enable a significant gain at the system level, outperforming non
binary link level technologies (from WP5) are required. These are left for future investigation in the final
deliverah e D2.3.3 ASystem Level Evalwuation, |Issue 30.
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3. Mutual -Information based PHY abstraction for DAVINCI codes
3.1 System model

Figure 3-1 illustratesthe sygsem modelconsidered for PHY layer abstraction. In particular, the operating
levels are shown for the main two mutirflormation based PHY abstraction metrics, namely, RBIR
metric at the QAM symbol levednd MMIB metric at the soft LLR symbol level.

S u QAM Equivalent | Y | QAM v

— FEC+I —» : : ' +FEC* —»
mapping channel demapping

y

Y |
RBIR-like MMIB-like
metric metric
Figure3-1: System model for PHY abstraction

The following notationgre made in the sequel:

Table3-1: Notations for PHY abstraction analysis.

N; Number ofinformation symbols at the input of the channel encoder

N, Number of GF coded symbols at the output of the channel encoder

N, Number of QAM symbols at the output of the QAM mapping

o} Order of GF (default valufor DAVINCI non-binary. q = 64)

M Order ofthe QAM constellation

m;, | Number of GF symbols per input block to QAM mapping

m, | Number of QAM symbols per output block to QAM mapping

Om Number of LLR values per GF symbol fed to the decoder (g)<

S Index with range from 0 tg-1

n Index in the range from O tm,-1

k Index in the range from O tm,-1

q Set ofg GF symbols

A Set ofM QAM constellation symbols

S Vector ofN, information symbold ¢

u Vector of N, coded symbol$ q

X Vector of N, QAM symbolsi A

r Vector of N; equalizedchannel coefficients (one per QAM symbolsn

w Vector of N, complexvalued noise samples (one per QAM symbdd)in

\ Vector of N, received QAM symbol$é A

v Matrix of N.x (g-1) received GF symbol LLR values (assuming soft demappi
whereg-1 LLR values are calculated per GF symbol)

E Vector of N, received information symbols q
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The signak of N, GF information symbols q is encoded and interleaved using DAVINCI encoder. The
outcome is the vectar of N, GF coded symbol$ ¢ . The vectowu is then mapped to theectorx of Ny

QAM symbolsi A, the latter then modulated for transmission according to the characteristics of the
transmission system in use.

It is noteworthy thathe GF and QAM ordergy and M respectively, are natecessarily equal. Thus, a
unique oneGF symbolto one QAM symbolmappingdoes not generally exidhstead, ainiquemapping
is definedbetween a block of, GF symbolsanda block ofm, QAM symbols, wheran, and m, are
chosen with the minimum values fulfilling the equation [D2.2.1]:

qgr=M™ 1)

The typical values afn, andm, are given in the table below, assuming GF orger64 [D2.2.1].
Table3-2; Values ofm, andmy, for different QAM ordersaand GF ordeq = 64.

GFq= 64 BPSK QPSK 16QAM 64QAM 256QAM

(m1! mZ) (1! 6) (1! 3) (2! 3) (1! 1) (4! 3)

The GF to QAM mapping in DAVINCI is formulateterein with

ut? :lu(()?) 2 ur(;)_lj« Heogng ). () :lx(()?) 2 X0 1J

-
u=[u(°) 2 u(L'l)]; xz[x(o) 2 x(L'l)] @)
v9=02 L-1. L=te-Ns
m m

In DAVINCI, a straightforward mapping choserbased on equal binary representations of the GF and
QAM mapping blocksi® andx?, respectively. Other mapping strategies might perform bétterthisis
left out of scope of this deliverable.

After passing thequivalent channel, assumiadinear receiver, theth QAM symbolwritesas:
Yi =ri%tw; "i=02 Ng-1 (3)

With the assumption that the interference plus noise trim complexvalued Gaussian of zero mean
and variance equa?, the marginal PDF of theeceived QAM symboy; conditioned on the transmitted
QAM symbolx; = a,,, writes as:

1 ge|yi"iam|28
X = R R L ML o 4
p(vi[x =am) pgemge 7 o (@)

We define the pogtrocessing SINRorresponding td-th QAM received symbahs
2
_|ril
SINR =" ®)
I

Next the QAM demapping determines the soft LLR values associated with each GF symbol transmitted.
For GFof orderg > 2, there ar@-1 > 1LLR values per GF encoded sympohlikethe binarycase ¢ = 2)

where there i®nelLLR value per encoded bit. In agdto limit the complexity for th®©AVINCI non

binary casewith g = 64, DAVINCI proposed to use subptimum decoders operating with limited
numberg,, << g of LLR values per GF symbol

In the sequel, we omit the indéxfor the sake of simplicityThe g, LLR values at the input of the
decoder argiven below for then-th GF symbolu, in the groupu of my GF symbols(n= 0 mél)
mapped to the groupof m, QAM symbols
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e o =0(0) 2 Volan- O =mad/©) 2 /ufa- 0T ©

Im

Wherethes-th LLR value(s= 0 g-18 for then-th GFsymbol 6= 0 m;4)is defined as

o o 2 ~
* & ™y, - riall] 80
Y eped 500
2 p(u, = | ) XA @ k=0 Sk 00
1) = jogayon ~4sig_ o2 ¢ =6 )
Pplu, =agly)? T & o1 OTRE
¢ ® .. e ‘Yk' I'k3hk| 00
e ad e g 3 06
RO AL & k=0 Sk 66
¢ ¢ T+

WhereA,® represents the set of configurations of the blra m, QAM symbols which map to the
block u of m; GF symbolsvherethen-th symbolu, is equal tdll. The cardinalityof A, is equal tag™*.

Thesth LLR expression in (2) reduces to the following for QPSK, 16QAM, and 64QAM [D2&iigre
indexn is omitted form, = 1 (QPSK and 64QAM), arkik= 0 my4) form, = 1 (64QAM).

Eqg. ) LLR expression
Ay - roa®F mely - 2@
QPSK /(S)=-ﬁ<*§i‘yk o PR
k=0 Sk k=0 Sk
3 20 a 24
16QAM /) = jaclo ae”é - neil 8 jaclo ae"é - rka'(‘o')“ 2
- 2) —— 0 & — 3 O
Q : ol g‘g$ k=0 Sk 6 a% ng% k=0 Sk 6
¢ * ¢ i
)2
640AM s ‘y rals ‘y ral ‘
52 s?

The decoder finally performs the decoding usingEMsS algorithm onall g, LLR inputs per GF symbol
in the GF codeword to recover the transmitted GF information werd

3.2 RBIR model for DAVINCI

The RBIR model operates at the QAM symbol leaethe input of the QAM demappinghe average
mutual information between transmitted and received QAM symbols is defined as:

my-1

I(x;y)=%é_ (% Vi) ©)

k=0

The above equation holds assuming the symbg}sare independent, and the channel betweandy is
memorylesgi.e. joint PDF ofy conditioned orx is equal to the product of the joint PDFyptonditioned

onxy).
The mutual informatioffor thek-th couple ofQAM symbok (X ; yi) can then belerivedas

o}
0
(yk|xk = am) %Yk

aﬁ p(x =a) (yk|Xk =at)8
C t=0 +

53 B g

5
«Q

M-1
(% i) = a p(x = am)FP(yk|Xk =a ) (10)

m=0

(@]
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With an equal griori probability for all QAM symbols in the alphabgt the SLMI simplifies to:

|(Xk;Yk)=|092( )'_a rP(Yk|Xk— )|092$ (yk|Xk_ )CUYk (11)

m=0C Ct=0 P\Yk |Xk -

Defining the variableg{™ below, its marginal PDRondtioned onx, = a, follows a complexvalued
Gaussian distribution with zero mean and variance equal to the inveSHeRf

=Y o - e
g = A = an)+ (12)

The SLMI can then be obtained from the ppsicessing SINR throughe following LUT:

M-1 § 0006
| (% Yi) = log (M )-—a Ea?ogz@ expge SINR%{J +a,-af - [gi] 005 (13)

The RBIRmetriccan therbe obtainedas

1

mp-1
RBR:w—)a (% Vic) (14)
k=0

As presented above, the RBIR metigcinherently invariant with respect to the QAM mapping and
channel coohg schemaused. Thusit doesapply withoutadaptation to DAVINCI nofbinary codesThe
specificity of the QAM mapping andhannel cothg is only reflected through the LUT mapping the
CWER to SNR on aAWGN channel

3.3 MMIB model for DAVINCI

Contrary to RBIR, MMIB operates at the GF symbol level at ¢htput of the QAM demappind.he
original motivation stems from the fact that in the binary case, each bit location in the modulated symbol
experiences a dhbitfchaenelewhich there ltpsito beardflected i the PHY abstraction
metric (nd only through the CWERo-SNR LUT on AWGN channel). In the general case, this ensures a
more accurate way to account for the impact of the QAM mapping on the decoder performance
particularly in the case of asymmetry of the mapping between coded GF syntddAM symbols.

The average mutual information between transmitted and received GF symbols is defined as:

mll

(V) == 3 1(univa) e 10cy) (15)

n=0

The above equalitiiolds assuming the symbols.} are independent, and the channel betweandyv is
memoryless(i.e. joint PDF ofv conditioned onu is equal to the product of the joint PDF af
conditioned onuy). The inequalityl(u;v) ¢ I(x;y) holds by virtue of the data processing thearem

In (15), the mutual informatiomeeds tde determined for the-th GF symbol, with its corresponding
LLR vectorv,. The problem that arises at this stage is that the LLR compongftisgre dependent and
the joint PDF of vectow, conditioned onu, is not equal to the product of the joint PDF of each
componentvn(s) conditioned onu,. It is therefore difficult to determine exactlyu,; v,). Instead,we
considerthe averag across the mutual information of all LLR components®}, which is justified by
the low selectivity of the mutual information across the LLR components (cf. s&cfjon

Om-1
I(un;vn):i a I(un;v,(f)) (16)
m s=0

The problem reduceshen to determine the componemise mutual informationl(u,; v.®), which
similarly to (11) can be derived as follows:
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ag- Oy =4.]0
'(un:vp) log,(a)- éqa ﬁO( )Iogz:{qaj%(v\;s):(—_?;gd § (17)
=0 R C =0 n n—% )=

In order to determine (17), we need the marginal RDF,® conditioned onu,. In the following, ve
distinguishthe two casesy = 1 (QPSK, 64QAM), andy , 1 (16QAM).
TheMMIB metric can theibe obtainedas

n’hl

MMIB = 18
|092(Q5 18)

3.3.1 Case (n; = 1): QPSK and 64QAM
As given in (8), the LLR expression simplifies to:

m,-1 - (s) 2 m,-1 - (0) 2
/(S):—é ‘yk rkak ‘ + e ‘yk rkak ‘ (19)
k=0 Sk k=0 Sk
Where indexn(n= 0 mi4) is omitted for sake of clarity.
The LLR conditioned oith GF symboll can then be derived :as
my-1
(/(S) u :ai): a (box + by Relwy )+ by Im(wy ))
k=0
(20

\D(LO)\ZS: by =- 2rk Re(doSy) by =- s_l (dos)*) o) = ) - af®

k

by =- SlNR%ﬂli(s) .
¢

From @0), it appears that theonditional LLR is Gaussian distributed witlean and variance below

: ml A2 |0l 26 - m-1 2
) =- g sNREDE)| - (08 ; W2 =25 sINR|D 1)
k=0 ¢ ' k=0
By re-writing (21) into vector form:
) =sINRTE) ;U2 =g INRTC(E)
(22)

<o o =2

The 3-D matricesB andC, with B(k,i,s) = b and Ck,i,s) = ¢® are only specific to the GF to QAM
mapping used, and therefore they can be determined offline.

Thus,for a givenrealizationof the postprocessing SINKi.e. configuration ofSINR vectol), the mutual
informationin (17) can be determined numericallyonsidering Gaussian distributisf the conditional
LLR with mears and variancedeterminedrom SINR and precomputed matriceB andC. It is possible
to determine offline the mapping between SINR vector and mutual information, but this will regquire
1) LUT with m, inputs and 1 output (dve consider the average oar componertwise asin (16)). For
the particular case af, = 1 (64QAM), this reduces to 1x1 LUT, thus similar to RBIR model.

3.3.2 Case (n;, 1): 16QAM
From (8), the LLR expressidrereis givenby:
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a 20 a 29

©_ &M 1‘Yk - rkar(f&‘ 0 & 1‘yk - rkar(:,)l)(‘ o
/ 1(&1){:I<)gae a > o- %plo(gae a > 0 (23

a®i Allae | 2o Sk 0 aYiAfee k=0 Sk 0

¢ - % -

The PDF of theé LR conditioned ori-th GF symbol] can be found as
1 . :
P =a )= & olfix=al) @9
O ING!

The PDF in (24) writes therefore as the summation of PDF. It is not straightforward to approximate
accurately eacRDF in the summation of PDF in (24).

Numerical evaluatioin section3.4 showsthe PDF in (24}Jo write as the summation of Gaussian PDF

308). 1

oS, =a, )= Jl,s agn'f () (29

The maximum number of PDF seems to be limited by lgy2( 4, and the PDdareoftendisjoint.

In order to determine the mutual information in (17), there is a need to characterize the following number
of unknowns (means and variances) as a functidheovector ofSINR:

m-1g-1g-1
28 8 § 3 ¢ 2x 2+ 64* 64+ 4= 65536 (26)
n=0 s=0 i=0

This is obvously not a practical solution, which leads to the conclusion that the MMIB model is not
suitable for the GF to QAM mapping withy, |, 1.

3.4 Numerical Results

Figure 3-2 shows the mapping between QAM symbol level mutual information and SINR for BPSK,
QPSK, 16QAM, and 64QAM modulationshe mapping is onto-one with 1 input equal to scalar SINR
per QAM symboland 1 output equal to the corresponding symbol level mutual information.

6 N
—O— QPSK
. —B— 16QAM

4 / & £
= k
7
s 3 /
<
(04
2 / /e = ©
1
-20 -15 -10 -5 0 5 10 15 20 25 30

SINR (dB)

Figure3-2: QAM SLMI vs. SINR for different constellations.

Figure 3-3, Figure 3-4, andFigure 3-5 illustrate thePDF of thed™ LLR (U = 4) conditioned or89" GF
symbol ( = 39)in QPSK, 16QAM, and 64QAMrespectively. We assume equal SINR values over the
m, components of vectdBINR. Figure 3-3 andFigure 3-5 show perfect match of the Gaussian PDF and
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measuredPDF for QPSK and 64QAM respectively, which validates the analytical study in s8c3idn
On the other handsigure 3-4 shows a PDF equal to the sum of 2 Gaussian PDFs as presented in the
analysis in sectioB.3.2.

s = 5; i =40; QPSK
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Figure3-3: Conditional LLR PDF in QPSK fot, = 4 andy = 39
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Figure3-4: Conditional LLR PDF in 16QAM fotl = 4 and( = 39

s = 5; i = 40, 64QAM
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Figure3-5: Conditional LLR PDF in 64QAM fotl = 4 and( = 39

Figure3-9, Figure3-7 andFigure 3-8 show the GF symbol level mutual information as a function of the
LLR index, respectively for QPSK, 16QAM, and 64QAM constellatidimam these figures, we can
observe the GF symbol level matunformation to keep constant for SINR up to 0 dB in QPSK, 10dB in
16QAM, and 20 dB in 64QAM. From the perspective of SNR vs. CWER, these SINR thresholds
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represent somehow the regions of operations of the modulations. For higher SINR values, the GF SLMI
starts exhibiting some variation, but this is limited to very few LLR indexes, where the majority of LLR
indexes keep nearly similar GF SLMI values. This leads to the conclusion that GF SLMI per LLR index
is nearly constant, and therefore all soft LLR eaki

ex hi

bit

Figure3-6: GF 9.MI vs. LLR index for QPSK
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Figure3-7: GF SLMI vs. LLR index for 16QAM.
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Figure3-8: GF S.MI vs. LLR index for 64QAM.

Since the GF SLMI is nearly flat over the range of LLR indbg, use of an abstraction metric of the GF
SLMI equal to the average over all LLR indexes is justifiedasssimed in (16Figure3-9 shows the GF

70

SLMI vs. SINR, where equal SINR values are assumed for alintheomponents of vectdBINR. For
QPSK and 64QAM, we use both measured PDF and Gaussian PDF for conditional LLR.
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