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Abstract. The 16 Quadrature Amplitude Modulation (16QAM) is the preferred modulation format for
many communication and broadcasting standards. However, performance of the overall “practical’
communication/ broadcasting systems employing 16QAM is far from the Shannon limit as there is a
requirement for power back-up to combat non-linear distortions generated by the output of high power
amplifiers. In this paper we propose moving from 16QAM to a 12QAM modulation without any change of the
hardware and with only minor changes in the mapping algorithm, by eliminating the four constellation points
with highest signal energy. However, to ensure that no data is lost and spectral efficiency is preserved, we
propose pairing two 12QAM symbols into a 4-dimensional signal with the appropriate mapping, obtaining the
desired 2-12QAM modulation. We propose the use of a rate 6/7 forward error correcting (FEC) code
combined with the 2-12QAM, which maps 7 binary input digits into 2 twelve-ary symbols which select
corresponding signals from the conventional 16QAM modulator. The proposed new modulation format has a
spectral efficiency of 3 bits/symbol, the same spectral efficiency as the legacy 16QAM scheme when the
16QAM modulation format is coupled with a rate 3/4 FEC. The removal of the 16QAM highest energy
symbols represents a peak energy gain of 2.55 dB and an average energy gain of 1,35 dB which is offset by
a 0.58 dB increase in code rate, from 3/4 to 6/7. In addition, the proposed scheme has a clear advantage of
employing existing 16QAM modulator/demodulator hardware and maintaining compatibility with the legacy
standards, albeit with simple changes in mapping which can be achieved via a software upgrade. We show
that the proposed technique allows at least 2dB power gain without sacrificing spectral efficiency or
additional hardware complexity.

Key words: Non-linearity mitigation, BCJR algorithm, Forward error correction.

AHoTauif. 16-kBagpatypHa amnnityaHa mogynsauis (16QAM) € kpawmm dpopmatomM Mogynsauii ons
GaraTtbox CTaHA4apTIB 3B'A3Ky Ta MOBJIEHHS. TUM HE MEHLU, NPOAYKTUBHICTb 3araribHMUX «NPaKTUYHUX» CUCTEM
3B'A3Ky/MOBMeHHs, Wo BuKopucTtoBytoTb 16QAM, ganeka Big mexi LeHHOHa, ockinbku iCHye BMMoOra Ao
PE3EPBHOMO XMBMEHHA Ans 6opoTbOM 3 HENiHINHUMKW CMOTBOPEHHSAMMW, IO FEHEepPYTbCA BUXOOOM
nigcunioBadiB BUCOKOI MOTYXKHOCTI. Y [OaHi cTaTTi MM nponoHyemo nepentu Big 16QAM go 12QAM
mMoaynsauii 6e3 Oyab-aKoi 3MiHM anapaTHoro 3abe3nedeHHs i nve 3 He3HAYHUMW 3MiHaMW B anropuTMi
BiJOOpaKeHHs!, yCYHYBLUM YOTUPU TOYKM Cy3ip'st 3 HaMBULLIOK eHeprieto curHany. OgHak, wob rapaHTyBaTwy,
LLIO HisiKi faHi He BTpa4valoTbCs | cnekTpanbHa edhekTUBHICTb 30epiraeTbCs, My MPONOHYEMO MOEAHAHHS ABOX
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12QAM cumBoniB y 4-MipHWIA curHan 3 BIigMOBIAHVMM BigOOpaXeHHAM, oTpumytoun OaxaHy 2-12QAM
mMoaynsauito. My nponoHyeMO BUKOPUCTOBYBATM KOA LUBMAKOCTI 6/7 ansi kopekuii nomunok (FEC) B noegHaHHi
3 2-12QAM, sikun BigoOpaxkae 7 AOBIMKOBUX BXiOHMX LMdp Y 2 ABaHAJUATIPIMHUX cMMBONax, siki BUOMparoTb
BiAMOBIAHI curHanu Big 3BuyariHoro 16QAM moaynatopa. 3anponoHOBaHUA HOBUIA hopMaT mMoaynsuii mae
cnekTpanbHy edeKkTuBHICTb 3 GiTa/cMMBON, TakKy XX cnekTpanbHy eeKTUBHICTb, WO 1 ycnagkoBaHa cxema
16QAM, konu cpopmaTt mogynsuii 16QAM 3'egHanuni 3i weugkictio 3/4 FEC. BuganeHHst cMMBONMiB HAanBULLOI
eHeprii 16QAM saBnsie coboto nikoBu NpupicT eHeprii 2,55 ob i cepenHin npupict eneprii 1,35 gb, Akun
KOMMeHcyeTbCs 30inblIeHHAM KogoBoi weuakocTi Ha 0,58 ab, 3 3/4 po 6/7. Kpim TOro, 3anponoHoBaHa
CXeMa Mae uiTKy nepeBary BUMKOPUCTaHHS iCHyto4oro 3abesneveHHst mogynatopa/gemogynsaropa 16QAM i
NigTPUMKU CYMICHOCTI 3 TpaguuiiHUMW CTaHgapTaMu, Xo4va i 3 MPOCTUMKU 3MiHaMu Yy BiJOOpPaKeHH, siKi
MOXYTb OyTWM [OCArHyTi 3a [OMOMOro OHOBIIEHHS MporpamMHoro 3abe3neyeHHs. Mu nokasyemo, Lo
3anponoHoBaHa MeToAuKa A03BOMSE OTPMMATU MPUHAWMHI He MeHwe 2 OB MOoCKMneHHst MOTYXXHOCTi 6e3
LUKOOM AN cnekTpanbHOI edhekTMBHOCTI abo 4o4aTKOBOI anapaTHOI CKIagHOCTI.
Knro4yoBi cnoBa: 3mMeHLIeHHS NiHinHocTi, anroput™ BCJR, npsime BunpaBneHHs1 NOMUIIOK.

AHHOTaumsA. 16-kBagpatypHas amnnutygHas mogynsaums (16QAM) asngeTcs npeanovTUTENbHbIM
dopmatomM MOAyNAUMM ONS MHOMMX CTaHAapToB CBSA3U M BellaHua. OgHako Npoun3BOAUTENBHOCTb OOLLMX
«MPaKTUYECKUX» CUCTEM CBA3W/BeLLaHus, ucnonb3ytowmx 16QAM, paneka ot npegena LleHHoHa,
MOCKOSIbKY CyLLEeCTByeT MNOTPEOHOCTE B pPe3epBUPOBAHMM MOLLHOCTM Ans 6opbObl ¢  HENMHENHbIMU
NCKaXXEHUSIMU, TEHEPUPYEMbBIMY BbIXOAOM yCUNuTenen 60nbLIon MOLWHOCTU. B aTon cTatbe Mbl Npeanaraem
nepentn ot 16QAM k mogynsumn 12QAM ©Ge3 kakmx-NnnMbo U3MEHEHW annapaTtHoro obecneyeHust U C
He3Ha4YMTENbHBIMU U3MEHEHNSIMU B anroputMe OTOOpaXKeHUsl, UCKIMOYMB YeTbipe TOYKM CO3BE3ANSI C CaMOM
BbICOKOM 3Hepruen curHana. OgHako, 4YTobbl rapaHTMpoBaTh, YTO HUKAKME AaHHble He OyayT NoTepsiHbl U
coxpaHeHa crekTpanbHas 3dEKTMBHOCTb, Mbl NpeafiaraemM oobeanHNTL ABa cumBoria 12QAM B 4-MepHbIi
CUrHan ¢ COOTBETCTBYIOLLMM OTODpaXeHneM, nosnydas xenaemyto mogynsaumio 2-12QAM. Mel npegnaraem
ncrnonb3oBatb KoA npsmoro ucnpaeneHuss owmbok (FEC) co ckopocTbio 6/7 B coyeTaHum ¢ 2-12QAM,
KOTOpbIN OTOOpaXaeT 7 ABOUYHbIX BXOOHbLIX LMdp B 2 ABEHAALATUPMYHBLIX CUMBOMAX, KOTOpble BbiOMpatoT
COOTBETCTBYIOLLNE CUTHanNbl U3 TpaguuMoHHOro mogynatopa 16QAM. lNMpegnoxeHHbIn HoBbIM dopmat
MOOYNAUMN  UMEET chnekTpanbHyto 3adipekTMBHOCTL 3 OuTa/cumBomna, TaKyld e  ChekTparbHyH
3(hbdeKTUBHOCTb, YTO N yHacnegoBaHHas cxemMa 16QAM, korga dopmaTt mogynsuum 16QAM cBsa3aH co
ckopocTbto 3/4 FEC. Yganenne cumBonoB 16QAM ¢ HauBbICLLEN SHEPrMEN NpeacTaBnseT NMKOBbLIA NPUPOCT
3Heprum 2,55 ab u cpepHun npupocTt aHeprun 1,35 b, 4TO KOMMEHcUpyeTcs yBenudeHWeM KOOOBOW
ckopoctn Ha 0,58 pb, ¢ 3/4 po 6/7. Kpome TOro, npeanoXeHHass CXeMa UMEET SIBHOE MPEVMMYLLECTBO
NCMNOMb30BaHNs CYyLLECTBYIOLLEro annapatHoro obecnedeHusi mopgynaTopa/gemogynatopa 16QAM u
noaaep>Xkn COBMECTUMOCTU C CYLLEeCTBYHOLUMK CTaHgapTaMu, XOTS U C MNPOCTbIMA WU3MEHEHUSIMU B
oTOOpaxeHnn, KoTopble MOryT OblTb AOCTUIHYThI MOCPEACTBOM OOHOBMEHMS NporpammMHoOro obecrneveHus.
Mbl nokasbiBaeMm, YTO Npeanaraemblii MeTo No3BosiSseT NOyYNTb YCUITEHNE MOLLHOCTU He MeHee 2 Ob 6e3
ywepba anst cnektpansHom achdEKTUBHOCTN N LONOSHUTENBHOW annapaTHOM CIIOXHOCTMW.

KnioueBble cnoBa: yMeHbLUeHne HeNMHeHocTu, anroputm BCJR, npsamoe ncnpaeneHne owmnBbok.

The 16 Quadrature Amplitude Modulation (16QAM) is a de-facto preferred modulation
format for many communication and broadcasting standards, such as IEEE 802.16, 3GPP and DVB-
S2 [1], just to name a few. 16QAM provides good performance and in some cases, for example,
when combined with capacity approaching codes, has shown channel performance close to the
Shannon limit [2]. However, performance of the overall “practical” communication/ broadcasting
systems employing 16QAM is far from the Shannon limit as there is a requirement for power back-
up to combat non-linear distortions generated by the output of high power amplifiers. In some
systems, such as satellite communications and digital TV broadcasting, this requires up to 10 dB of
power back-up, thus significantly reducing overall system efficiency [3]. Numerous techniques,
such as non-linearity correction, dynamic pre-distortion, peak-to average ratio reduction, and others
for combating this negative effect were introduced [4-12]. However, their implementation requires
significant changes in the overall system and raises questions of compatibility with the legacy
standards. In this Paper we propose a different approach, where the legacy 16QAM modulation is
used to generate 4-dimensional 2-12QAM modulation by eliminating four 16QAM symbols with
highest energy without any change of the hardware and with only minor changes in the mapping
algorithm. We show that up to 2 dB energy gain can be achieved while maintaining compatibility
with the legacy systems.
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In a 16QAM system [13] signal amplitude and phase vary according to the digital
information to be transmitted. The signals s;(t),1<i <16, are represented as
s5i{(t) = A, cos(2mf.t) + B, sin(2nf;t),0 <t < T,
where A, and B, are amplitudes allowed in the cos(2mf.t) and sin(2mft) axis, respectively, f; is

the carrier frequency, 7 is the duration of each symbol, A, € {(Zx—\/ﬁ — 1)d}}E1, Ay €

{(Zy —VM - 1)d}}/¥1 and d is the distance between two adjacent signals. The signal constellation

[1] of 16QAM is shown in Figure 1A) and consists of 16 2-dimensional vectors s;, 1 < i < 16,
denoted as
si=[AwB,],  i=1,..16.

The legacy 16QAM modulation format combined with a rate 3/4 forward error-correcting
(FEC) code is shown in Fig. 18). Conventional mapping is employed to transfer four binary bits into
one 16-ary symbol from the 16QAM constellation, followed by a power amplifier (PA). The
16QAM modulation format coupled with a rate 3/4 FEC code has a spectral efficiency of
3bits/symbol. While this diagram is widely used in various communication systems, it has one
significant drawback. Due to non-linearity of the PA the overall system requires power back-up
leading to a significant reduction in the overall system efficiency [1].

A :
. sin(2Tf1) .
S.l %5 s S.‘) S.l3
$2 0 %6 11 S0 S
+ + + , 4 >
3 A 1 3 cos(2mfy) FEC [ '0M o
[ . L1 o o —> R=3/4" = Modulator
[ ° -+ '3 L ] [ ]
S, Sg Si» Si6
A) B)
Figure 1 —a) 16QAM constellation and decision regions; ) Block diagram of 16QAM system with

rate 3/4 FEC code

The 2-12QAM. To mitigate the drawback mentioned earlier, we propose to eliminate the
four constellation points with highest signal energy (indicated in Figure 1 as signals Si, Ss4, S13 and
Si6), moving from 16QAM to a 12QAM modulation. However, to ensure that no data is lost and
spectral efficiency is preserved, we propose pairing of two 12QAM symbols into a 4-dimensional
signal with the appropriate mapping, as shown in Fig. 2. To achieve the desired result, we exploit an
approach used for generating non-binary line codes with special spectral shaping characteristics
[14], as illustrated in Fig. 3. In this diagram we use a rate 6/7 FEC code and a novel 7 binary to 2
twelve-ary (7B-2Tw) mapper, which maps 7 binary input digits into 2 twelve-ary symbols which
select corresponding signals from the conventional 16QAM modulator (eliminating four signals
with the highest energy). Since 27<122, there is sufficient redundancy to complete this mapping.
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Figure 2 — Diagram of a 4-dimensional 2-12QAM and decision regions

Figure 3 — Block diagram of a 4-dimensional 2-12QAM constellation with a rate 6/7 FEC code
employing the legacy 16QAM scheme

As follows from Fig. 3, the proposed new modulation format has a spectral efficiency of 3
bits/symbol, i.e., the same spectral efficiency as the legacy 16QAM scheme. The removal of the
16QAM highest energy symbols represent a peak energy gain of 2,55 dB and an average energy
gain of 1,35 dB which is offset by a 0,58 dB increase in code rate, from 3/4 to 6/7. In addition, the
proposed scheme has a clear advantage of employing existing 16QAM modulator/demodulator
hardware and maintaining compatibility with the legacy standards, albeit with simple changes in
mapping which can be achieved via a software upgrade.

In the proposed 2-12QAM the signal s;;(t),0 < t < 2T, is given by

_ (Axcos(2mf.t) + B,sin(2mf.t), 0<t<T

sij (6) = {Cscos(ZRfCt) + D,sin(2nf,t), T <t < 2T,
where i € {2,3,5,6,7,8,9,10,11,12,14,15}, j € {2,3,5,6,7,8,9,10,11,12,14,15} and A, and B, are
amplitudes allowed in the cos(2mf.t) and sin(2mf.t) axis shown in Fig. 2, a) and C; and D, are
amplitudes allowed in the cos(2mf.t) and sin(2mf.t) axis shown in Fig. 2, 6), and f, is the carrier
frequency. The 4-dimensional structure is composed of two 2-dimensional diagrams illustrated in
Figure 2, where the corner regions were removed from the usual 16QAM diagram in order to
reduce peak power. The signal constellation consists of 128 (27) 4-dimensional vectors, chosen
from among 144 (12%) 4-dimensional possible vectors, where each constellation symbol s; ;

represents 7 information bits that we denote as s; j € {[Ax, By]T, [C,, DZ]T}, where
i €{235,6,78910,11,12,14,15};
j €{235,6,7,8910,11,12,14,15}.
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The corresponding probability density function p,. JHyj (r) is given by

2 1 —A)2+(r5-By)" ] —Cs)? -D;)?
pr/Hi,j(r) _ (HLNO) exp [_ (r1—Ay) NO( 2—By) - exp [_ (r3—Cs) ;o(m D;) ]
Supposing that H; ; is the correct hypothesis, the received vector is given by
11 [Ax + 14
2| _|By +n,
r= = )
T3 Cs +1ns
31 LD, + n,l
where nq, n,, n; and n, are Gaussian noise samples, i.e. Gaussian random variables, with mean p =
0 and variance 62 = N,/2. In order to simplify notation we will write the complementary error

function of Gaussian statistics Q(d/o) £ (1/\/ 21T) ) dojoe_y “/2 dy [2] to mean the function Q.
Considering equiprobable signals, the probability of correct decision is given by P(C) =

Els %i,j P(C/H;;), where the conditional probability P(C/H; ), can assume three distinct values. In

fact, we have three groups, with the constellation symbols represented by the pairs (i,j), having
different energies:

1) If (i,)) is in the set with the highest energy, as for example the pair (i,j) = (2,2), then
P(C/H;;) = P(—d <n; <d)P(n, > —d) P(n, > —d) or, equivalently,

P(C/H;j) = (1-2Q)*(1 - Q)

2) If (i,)) is in the set with the medium energy, as for example the pair (i,]j) = (2,6),
thenP(C/H;;) = P(—d <n; <d)P(n, > —d)P(—d <nz3 <d)P(-d <ny <d)=P(-d<
ny <d)P(—d <n, <d)P(—d <n3z<d)P(n,>-d) or, equivalently,
P(C/Hij) =(1-20)°(1-0Q) .

3) If (i,)) is in the set with the lowest energy, as for example the pair (i,]j) = (6,6), then

P(C/H;;) =P(—d < n, < d)P(—d < n, < d) P(—d < ny <d) P(—d <n, < d), or
equivalently, P(C/H;;) = (1 —2Q)*.

The probability of correct decision is given by
P(C) = j [48(1 —2Q)*(1 — Q) + 64(1 — 2Q)*(1 — Q) + 16(1 — 2Q)*], (1)
where the 48 pairs from de first term in (1) are selected from the set 1).

The proposed system using convolutional encoder and BCJR decoding algorithm. For
simplicity, consider that in Figure 3 it is used a systematic convolutional encoder with rate R = %

and M states. The information symbols sequences are given by u = ugN_l} = {uo,ul, ---,u{N_l}}
and the code sequence associated is v = véN_l} = {vo,vl, ---,v{N_l}}, where v, = (vt(l), vt(z)) =

= (ut, vt(z)) is the output related with each information symbol. The code rate is changed by the

use of a puncturer having puncturing matrix [15] given by
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1 11111
1 0 0 0 0 oOF @

P=|
The new codehas rate R = g and the code sequence w; is given by

N
w, = (u, v, @), t=6-b,b={0,12, T 1}
w, = (ug), others,t < N .

It means that

) — .
{uov() yUg, Up, Uz, Uy, uS} - {WO' W1, W2, W3, Wy, WS}'

2 — .
{u6v6 yU7,Ug, Ug, U, Urq { = {WG' Wz, Wg, Wg, Wiy, Wll}i
{u v® u u u u u =
(N-6}VN_ UN—5, UN—2g, UN—3, Uy—2, N-1} = {Wn_6, WN_5,WN_4, WN_3, WN_2, WN_1}.

A. The adapted BCJR algorithm

The code sequence is modulated by the 2-12QAM and is transmitted through additive white
Gaussian noise channel (AWGN). The decoder using the Bahl, Cocke, Jelinek and Raviv (BCJR)
decoding algorithm is adapted for this system and employed. For each six time slots the channel
output is the received sequence given by R, where

Tk Ak + Mg

R. = k| |Byk + Mok
K — T - C + 9

3K sk T N3k

Tak D,k + nug

N
R = Ro(g—l) = <R0'R1:"':Rﬂ_1):
6
where nqg,Nyk,N3x and n,, are Gaussian noise samples, with mean g =0 and variance
0-2 == No/z.
We employ the trellis associated with the convolutional encoder and compute the log-
likelihood ratio

_ P(Ut=1/R)
A(ue) = log P(u¢=o/R)’

where P(uU;=q/r), @ = 0, 1 is the a posteriori probability of the information symbol u;. For 0 <t <
N — 1, where N is the length of the code sequence, the decision is done in the following way

Aluy) =2 0:up = 1;

A(uy) < 0:up = 0.
Let S; denotes the trellis state at time slot # and p{x} the probabilty density function of x. It follows
that

_ Ymym p{ur=1,5:=m,St_;=m’,R}
A(uy) = log T ———

where
0<t<S5, K =0,
6<t<11, K=1,
12<t<17, K =2,
' N
N—-6<t<N-1, K=g—1,
then

_ ImZm ¥1(Rem m)ar_i(m)Be(m)
Aue) = 1085 S o vo@mmar m)pem’
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where
cw(m) = LY valRemm)
ap(0) =1, ag(m) =0,m = 0.
+Be0m) = aiorz_l VaRicya, Y (),

Bu(0) = 2. By(m) = 0,m % 0.

The probabilities y,(Rg, m',m), a = 0,1, are determined from the transition probabilities of the
time discrete Gaussian memoryless channel and from the state transition probabilities of the
correspondent trellis as follows

Ya(Rg, m',m) = P{S; = m/S;_y = m'}p{Rg/u; = a,S; =m,S;_; = m'}P{u, = 5% =mS;_1 =

=m'}.

The transition probabilities P{S; = m/S;_, = m'} are defined from the a priori probabilities of the
input bits. When they are equiprobable, P{u, = 1} = P{u; = 0} = ; and we have P{S; =
m/S;_, =m'} = % The term p{Rg/u; = a,S; = m,S;_; = m'} is the transition probability of the
AWGN channel and can be written as

p{RK/ut_aSt m, S 1—m}—

(rak—Axg)*+(Takx— ByK)2 1 [ (TsK—CsK)2+(T4K—DzK)2]
= — where xK, yK
ZlK Z]K 27102 [ 202 2mo? p 202 i ere > Y&

sK and zK are the set of true hypotheses. The probability P{u; = a/S; = m,S;_; =m'} is 0 or
1 because the convolutional encoder is a deterministic machine.

Simulation Results. For comparison purpose we consider the uncoded 16QAM modulation
format with Gray code mapping in a channel with additive white Gaussian noise (AWGN), with
average signal energy E; = 10 dB and variance 62=1,25 / 10-E»/No)/10 The bit error rate (BER)
versus Ey /N, characteristic for this I6QAM is shown in Fig. 4 (solid line). Now consider uncoded
2-12QAM modulation with 7 binary to two 12-ary symbol mapping in the same channel, with
average signal energy Es ~ 7,33 dB and variance 6% ~ 0,52 / 10(-Eo/No)/10_ The BER versus
E,/N,, characteristic for this 2-12QAM is shown in Fig. 4 (dotted line). The curves in Fig. 4
indicate for 2-12QAM an energy gain of about 2 dB, 3,1 dB and 3,8 dB for BER = 1073, 10~* and
1075, respectively, operating with spectral efficiency 3.5 bits/symbol, i.e. with a rate loss less than
0,6 dB.

Now let us consider a coded 16QAM modulation format with Gray code mapping in a
AWGN channel. The convolutional encoder has polynomial generator matrix given by G(D) =
_ [1 1+D+D%+D3+D*

ot ] and the output symbols are punctured using the puncturing matrix given by

H é (1)], the resultant code has rate R = % and the variance is 02 ~ 1,67 / 10(-Ep/No)/10 The

BCIJR decoding algorithm is used. The bit error rate (BER) versus E, /N, characteristic for this
system is shown in Figure 4 (dashed line). Now consider a coded 2-12QAM modulation with 7
binary to two 12-ary symbol mapping in the AWGN channel. The convolutional encoder has
1+D3+D*+D5+D°
1+D+D3+D*+D6®

polynomial generator matrix given by G(D) = [1 ] and the output symbols are

punctured using the puncturing matrix given in (2), the resultant code has rate R =S and the

variance is 02 = 0,61 / 10C-E»/No)/10_ The BCJR algorithm is used as described before. The bit
error rate (BER) versus E; /N, characteristic for this system is shown in Fig. 4 (dash-dot line).
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Figure 4 — BER versus E,, /N, curves for I6QAM and 2-12QAM uncoded and coded

The curves in Fig. 4 indicate for 2-12QAM an energy gain of about 2 dB and 2,5 dB for BER
= 1073 and 107*, respectively. We can also observe that the system using 2-12QAM uncoded has
an energy gain of about 0,8 dB when compared with the 16QAM coded.

Conclusion. In this Paper we propose a novel technique which allows a reduction of a
power back up by introducing a 4-dimensional 2-12QAM modulation obtained by changes of
16QAM mapping. We show that the proposed technique allows at least a 2dB power efficiency
without sacrificing spectral efficiency and additional hardware complexity.
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