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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.

AHoTauifn. 16-kBagpatypHa amnnitygHa mogynsadia (16QAM) € kpawmum dopmatoM Moaynauil Ans
bGaraTbOX CTaHAAPTIB 3B'A3KY Ta MOBJIEHHA. TMM HE MeHLU, NPOAYKTMBHICTb 3araflbHUX «NPaKTUYHUX» CUCTEM
3B'A3Ky/MOBMEHHSs, WO BukopucToByloTb 16QAM, ganeka Big mexi LLleHHOHa, OCKiMbKM iCHye BMMOra go
pPEe3epBHOIO KMBMEHHSA Anst 60poTbOu 3 HEMiHINHMMKM CNOTBOPEHHSAMMW, LLO TEHEpPYTbCA BUXOOOM
nigcunioBadiB BMCOKOT MOTYXHOCTI. Y AaHin ctaTtTi Mm nponoHyemo nepentn Big 16QAM go 12QAM
mMoaynsuii 6e3 6yab-akoi 3MiHM anapaTHoOro 3abes3nedeHHs i nve 3 He3HaYHUMKU 3MiHaMW B anropuTMi
BiJOOpaXKeHHs!, YCYHYBLUM YOTMPK TOYKM Cy3ip'a 3 HAaWBULLOK eHeprieto curHany. OgHak, wob rapaHTyBaTy,
LLIO HisiKi faHi He BTpa4alTbCs | cnekTpanbHa e(pekTUBHICTb 30epiraeTbCsa, M1 MPONOHYEMO MOEAHAHHS ABOX
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12QAM cumBoniB y 4-mipHUA curHan 3 BigMoBiOHWM BigoOpaeHHsM, oTpumytoun Gaxany 2-12QAM
Moaynsuito. Mn nponoHyeEMO BUKOPUCTOBYBATM Ko, LUBMAKOCTI 6/7 ans kopekuii nomunok (FEC) B noegHaHHi
3 2-12QAM, skun Bigobpaxae 7 ABIMKOBUX BXiOHUX LMdp y 2 ABAHAAUSATIPIYHMX CUMBOMaXx, SKi BUOUparTb
BigNoBigHI curHanu Big 3su4yanHoro 16QAM mogynsaTopa. 3anponoHOBaHUI HOBUI hopmaTt Mogynsuii mae
crekTpanbHy edekTuBHICTb 3 BiTa/cMMBOM, TaKy XX crnekTpanbHy eeKTUBHICTb, WO N ycnagkoBaHa cxema
16QAM, konu copmaT moaynsuii 16QAM 3'egHaHui 3i wenakicTio 3/4 FEC. BuganeHHs cMMBONIB HAanBULLOT
eHeprii 16QAM saBnse coboto nikoBui npupict eHeprii 2,55 ob i cepegHii npupict eHeprii 1,35 ob, akun
KOMneHcyeTbcsa 36inblieHHsaM koaoBoi weuakocTti Ha 0,58 ab, 3 3/4 po 6/7. Kpim Toro, 3anponoHoBaHa
cxema Mae 4iTKy nepesary BMKOPUCTAHHS iCHyto4oro 3abesneveHHs mogynsitopa/gemogynatopa 16QAM i
NigTPUMKN CYMICHOCTI 3 TpaguuiHAMW CTaHAapTamu, xo4va i 3 NPOCTUMM 3MiHaMu y BigOOpaXKeHHi, AKi
MOXYTb OyTW [OCArHYTi 3a [JOMOMOrO OHOBIIEHHS nporpamHoro 3abesneveHHs. Mu nokasyemo, Lo
3anponoHoBaHa MeToAuKka AO03BONSE OTPMMaTtuM NpUMHaAWMHI He MeHwe 2 Ab nocuneHHs MOTYXHOCTi 6e3
LIKOOM ONsi CeKTpanbHOT edpekTUBHOCTI abo [o4aTKOBOI anapaTHOI CKITagHOCTI.
KnroyoBi cnoBa: 3meHLeHHs niHinHocTi, anroputm BCJR, npsime BUnNpaBneHHs NOMUITOK.

AHHOTaumA. 16-kBagpaTtypHas amnnutygHaa moaynauusa (16QAM) asnaetca npegnovTUTenbHbIM
dopmatoM MoaynAuMM ONS MHOMMX CTaHAapToB CBA3U U BellaHuss. OgHako Npov3BOAMTENBHOCTE OOLLMX
«MpaKTU4YeCKux» CcucTem cBsA3w/BewaHns, ucnone3yowmx 16QAM, paneka ot npegena LleHHoHa,
MOCKOMbKY CyLlecTBYeT NOTPeOHOCTb B pe3epBMPOBaHMU MOLLHOCTM Anss 60opbbbl C  HENMHENHbIMK
NCKaXKEHNSIMUW, reHEepUupyemMbiMy BbIXOAOM ycunuTenen 60nbLIon MowHocT. B aTon ctaTee Mbl npegnaraem
nepentn ot 16QAM k moaynaumm 12QAM 6e3 kakmx-nnbo M3MeHeHun annapaTtHoro obecneveHuss un ¢
He3HaunTernbHbIMU U3MEHEHMSIMU B anropuTtme OoToBpaXeHus, UCKMYNB YeTbipe TOYKM CO3BE3ANS C CamMoWn
BbICOKON 3Heprnen curHana. OgHako, 4Tobbl rapaHTUMpOBaTh, YTO HMKAKue AaHHble He ByayT noTepsiHbl U
coxpaHeHa crnekTparnbHas adeKkTUBHOCTb, Mbl Npeanaraem obbeanHuTb Aea cumeona 12QAM B 4-MepHbIN
CWrHan ¢ COOTBETCTBYIOLLMM OTODpaXKeHneMm, nony4vas xenaemyo mogynsaumio 2-12QAM. Mbl npegnaraem
ucnonb3oBaTtb kog npsimoro ucnpasnexHus owmbok (FEC) co ckopocTbio 6/7 B codeTaHun ¢ 2-12QAM,
KOTOpbIN OoTOOpaxaeT 7 ABOWMYHBLIX BXOAHbLIX LUdp B 2 ABeHagUuaTUPUYHbIX CUMBOMAaXx, KOTopble BbiOupatT
COOTBETCTBYIOLLME CUTHamNbl U3 TpaguuuoHHoro Mmogynatopa 16QAM. lMpednoxeHHbIM HOBLIM chopmat
MOOYNAUMM  MMEET chekTpanbHylo 3adekTMBHOCTL 3 OuTa/cumBoOmna, TaKyld >Ke CheKTpasnbHYH
3a(PPEKTUBHOCTb, YTO M yHacnegoBaHHasa cxema 16QAM, korga cdopmart mogynsaumm 16QAM cBssaH co
ckopocTbto 3/4 FEC. YaaneHne cumonoB 16QAM ¢ HauBbICLLEN SHEPrMen NpeacTaBnsaeT NUKOBbIN NPUpPOCT
aHeprvn 2,55 gb wn cpegHwui npupocTt aHeprun 1,35 gb, 4TO KOMMEHcupyeTcs yBenuYeHWeM KOOOBOW
ckopoctn Ha 0,58 gob, ¢ 3/4 po 6/7. Kpome TOro, npegnoxeHHas cxemMa MMEEeT SBHOE MpPenMYyLLECTBO
NCMONb30BaHMsA CyLlecTByloLWero annapatHoro obecneveHus wmogynatopa/gemogynatopa 16QAM  wu
NOAAEPXKKA COBMECTUMOCTM C CyLLEeCTBYIOLWMMM CTaHgapTaMu, XOTS U C MPOCTbIMA WU3MEHEHUSIMU B
oTobpaxeHnn, KoTopble MOryT ObITb AOCTUIHYTbI NOCPEACTBOM OOHOBMEHUSA MPOrpamMMHOro obecneyeHus.
Mbl nokasbiBaeM, YTO NpegnaraemMblii METO NO3BOSSET NOMYyYMTb YCUIIEHME MOLLHOCTM He MeHee 2 b Ge3
ywepba ans cnekTpansHon 3EKTUBHOCTU UK JOMNOMHUTENBHOW annapaTtHOW CIOXHOCTH.

KnioueBble cnoBa: ymMeHblLUeHue HenmHenHocTu, anroputm BCJR, npsimoe ucnpaenexHve ownbok.

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
5i(t) = A, cos(2mf.t) + B, sin(2rf;t),0 <t < T,
where A, and B,, are amplitudes allowed in the cos(2mf.t) and sin(2mf.t) axis, respectively, f. is

the carrier frequency, T is the duration of each symbol, A, € {(2x — VM —1)d}/™,, 4, €

x=1
{(2y - VM - 1)d}g1 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
T .
si=[4x By, 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.\'m (2mfy) .
S0 % 5% S
S Ss 11 Sio S14
! ' + + : + » B
3 1 3 cos(21fy) :: FEC ¥ M) L.
: : R=3/4
. : 0 -1 o ' . —> - =P Modulator
S; S; 1., Su Sis >
..............................
) : o 13 0 )
Sy i Sy Si  Sis
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, S4, S13 and
S16), 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
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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

N = Aycos(2mf,t) + Bysin(2mf.t), 0<t<T

sij () = {Cscos(anct) + 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, ¢), and £, 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 Sij

represents 7 information bits that we denote as s; ; € {[Ax, By]T, [C, DZ]T}, where
i €{2,3,5,6,78910,11,12,14,15},
j €{23,5,6,7,89,10,11,12,14,15}.
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The corresponding probability density function Pr/H; (r) is given by

12 (r1=Ax)%+(r2-By)’] (r3=Co)? +(ra=D,)?
pT/Hi,j(r) - (n_No) exp [_ - Ny — | exp [_ = N(,r4 ]
Supposing that H; ; is the correct hypothesis, the received vector is given by

71 Ay +nq)
r= Iy _ By + n,

T3

T4

Cs +ns
DZ + Ny
where n,, n,, n; and n, are Gaussian noise samples, i.e. Gaussian random variables, with mean p =
0 and variance 6% = N,/2. In order to simplify notation we will write the complementary error

function of Gaussian statistics Q(d/o) = (1/@) fdojce‘yz/2 dy [2] to mean the function Q.
Considering equiprobable signals, the probability of correct decision is given by P(C) =

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

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

3) If (i,j) 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 <np <d)P(—d < n3 <d) P(—d <n, <d), or
equivalently, P(C/H;;) = (1 —2Q)*.

The probability of correct decision is given by
P(C) = % [48(1 - 2Q)*(1 — Q)* + 64(1 — 2Q)*(1 — Q) + 16(1 — 2Q)*], @

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 = u({)N_l} = {uo, uy, -, ugy_13}

-1 © (2)) _

and the code sequence associated is v = {vo,v1, -, vy_1y}, where v, = (Vt v,

= (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 0 0 0 0 oF )

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

|

N
w, = (u,v,@), t=6-b,b=1{012, g 1}

we = (u), others,t < N .
It means that

2 — .
{uovo » Ug, Up, Uz, Uy, uS} - {WO; W1, W2, W3, Wy, Ws},

) _ .
{u6v6 y U7, Ug, Ug, Uy, Ug1 [ = {W6' W7, Wg, Wo, Wy, Wll}'

) _
{U{N—s}vN_@ Uy_5, Uy—g, Uy—3, UN—2, UN—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 Ry, where

T1k Ak + g

R. = Tk | _ | Byk + N2k
K — T - C + ’

3K sk T N3k

r4K DZK + n4K

N
R=R, "= (Ro,Rl,m.Rg_l),
6

where nyg, Nk, N3 and n,, are Gaussian noise samples, with mean p =0 and variance
g% = Ny/2.
We employ the trellis associated with the convolutional encoder and compute the log-
likelihood ratio
_ P(ut=1/R)
M) = logP(ut=o/R)’
where P(u;—q/g), a = 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

A(ut) = O:ut = 1,
A(ut) <0: Uy = 0.

Let S; denotes the trellis state at time slot t and p{x} the probabilty density function of x. It follows
that

_ YmYm P{ur=1,5t=m,S¢_1=m’,R}
A(ue) = log S ———

where
0<t<5, K =0,
6<t<11, K =1,
12 <t<17, K =2,
I ' N
kN—6StSN—1, Kzg—l,
then

_ ZmZm Y1 (Rklml'm)at—l (m,) Bt(m)
M) =logg S o Rom e m)pem)’
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where
()= 3 yaRm'm)
ay(0) =1, ag(m) = 0,m # 0.
+Be(m) = ai():z_l VaRicen, Yo (),

Bn(0) = ﬁ, 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(Riom',m) = P{S; = m/Se_y = m'}p{R/ue = @, S = m,Spey = m}Pluy = ¢ = m,Se_y =
— 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'} == L The term p{Rx/u; = a,S; = m,S;_; = m'} is the transition probability of the

AWGN channel and can be written as

P{Rx/us=a,S; =m,S;_y =m'} = , , ,

— ZiKZjK_ [_ (rig— AxK)ZZETZK Byxk) 211102 exp [_ (r3x CsK)ZJ;ng DZK)] where xK, yK,
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 / 10C-E»/No)/10_The bit error rate (BER)
versus E, /N,, characteristic for this 16QAM 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 o =~ 0,52 / 10(-E»/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 M} and the output symbols are punctured using the puncturing matrix given by

1+D*
i (1) (1)] the resultant code has rate R = % and the variance is 6% ~ 1,67 / 10CEp/No)/10_ The

BCJR 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

4
polynomial generator matrix given by G(D) = [1 1:;:;3:;4:56] and the output symbols are

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

variance is 0% = 0,61 / 10(-F»/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 16QAM 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 10~*, 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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