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Abstract—A  two-dimensional signal space for intensity- (k)
modulated channels is presented. Modulation formats usinghis
signal space are designed to minimize average and peak power
a fixed minimum distance between signal points. The uncoded, _
high-signal-to-noise ratio, power and spectral efficiengis are Fig. 1. Passband transceiver of IM/DD systems.
compared to those of the best known formats. The new formats
are simpler than existing subcarrier formats, and are supeior
if the bandwidth is measured as 90% in-band power. Existing In this work, we present a two-dimensional Signa| space
subcarrier formats are better if the bandwidth is measured & for optical IM/DD systems. The resulting modulation forsiat
99% in-band power. . )

° P . o . . have simpler modulator and demodulator structures than the
A Index Terms—Direct deteCt'O“h_'Ute”S'tY mOdU||a“]f;_”'_ nonco-  three-dimensional formats studied before. Their power and
erent communications, power efficiency, spectral efficiesy. spectral efficiencies are evaluated and compared to the pre-

viously best known formats.
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Optical Link
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I. INTRODUCTION

NTENSITY modulation with direct detection (IM/DD) Il. SYSTEM MODEL

is widespread for low-cost optical communication sys-
tems, e.g., wireless optical links [1]-[3] and short-habkfi
links [4]. IM/DD permits only the intensity of light to carry
informatior_L In contrast, coherent optica! systems S,‘Ud.bm} modulator maps eacli(k) to a real and nonnegative waveform
haul fiber links let data modulate the optical carrier’s atape b : . -

: . . _belonging to the signal sef = {so(t), s1(t),...,sm-1(t)},
and phase via, e.gM-ary quadrature amplitude modulation . ;
S . wheres;(t) =0fort ¢ [0,T7),i=0,1,...,M — 1, andT is
(M-QAM). Designing IM/DD formats with good power andthe symbol period. The transmitted waveform is
spectral characteristics is challenging [1], [2], [5]=[7] '

In the absence of optical amplification, IM/DD systems
can be modeled as additive white Gaussian noise (AWGN) a(t) = Z Su(k) (t = KT). 1)
channels with nonnegative inputs [1, Ch. 5], [2], [5], [8, h=—eo
Sec. 11.2.3]. Nonnegativi/ -ary pulse amplitude modulation The received signal is modeled as
M-PAM) such as on-off keying (OOK) [1, Eqg. (5.8)] is
; natura)l modulation format ybu? it( is pZW\[/er inqeffi(cien)t] for y(t) = 2(t) +n(t), 2)
M > 2 [9]. Subcarrier modulation (SCM) allows using- where n(t) is a zero-mean white Gaussian process with
QAM by adding a direct current (DC) bias to the electricaouble-sided power spectral density /2. The demodulator
signal to make it nonnegative [1, Ch. 5]. The DC bias doés a correlator or matched filter receiver with a minimum-
not carry information if it is independent of the transmitte distance detector, i.e., it minimizes the symbol error mita
information. A signal space for IM/DD channels was preséntgjiven signal-to-noise (SNR) ratio [10, Sec. 4.1] and puts ou
in [5] and power-efficient subcarrier modulation formatseve (k) as the estimate af(k).
designed. In our prior work, a three-dimensional signatepa The AWGN model is reasonable for wireless IM/DD sys-
for IM/DD, whose signal sets are denoted as raised-QAM [5kms under the assumption that the channel is nondistorting
was used to numerically optimize modulation formats fdn the frequency range of interest [1, Ch. 5], [2], [5], and fo
different power constraints [6], [7]. short-haul fiber links with negligible dispersibrand when

_ _ the dominating noise is from the receiver itself, and notrfro
ter‘;.s,KgLoe::nZPsd Ulzﬁivérgsri(taylll ;rgl'emélfg}:lotlggy,lj gréi?zt]rgeg% oéo?tﬁl}iéwﬁﬁn optical amplifiers [8, Sec. 11.2.3], [11, p. 155]. In Sec-All
(jognnykkrgm:, ?gre&%ﬁhatmeffs?{u o for Communications En ineerpowe_r constraints are imposed o) to reflect some of the
ing,.Technische Universitat Miinchen, D-80290 Munich, riGany (ger- physical characteristics Of_ the I.M/DD. Ch.annel' A paSSb.and
hard.kramer@tum.de). model for IM/DD systems is depicted in Fig. 1. The electrical

F. R. Kschischang is with the Edward S. Rogers Sr. Departofdglectrical
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Consider an AWGN channel whose inpuft) is nonneg-
ative. The symbolsi(k), for k =...,—1,0,1,..., are inde-
pendent and uniformly distributed ov€®, 1,..., M —1}. The
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Fig. 2. Two-dimensional constellations optimized for ager and peak optical power. Circles which are different betwconstellations of the same size
are shaded differently. The coordinates of these conitelaare listed in Appendix A.

nonnegative waveform (¢) modulates a light source such as\. Example Modulation Formats

a laser diode. The information is carried by the intensity of Fig 2 presents several modulation formats designed for the
the passband signal admissible regionY. The constellation points, regarded as

2(t) = \/2cx(t) cos(2m fot 4 O(1)), (3) the centers of circles with diameter equal to the minimum
distance, are placed iff such that they minimize a certain

where ¢ represents the electro-optical conversion factor Bower criterion. As in [5], [7], the average optical power
watts per ampere (W/A) [12]/, is the optical carrier fre- Y

quency, andd(t) is a random phase, uniformly distributed P — lim L/T 2(H)dt = lim L/T 2(t)dt, (6)
in [0,27) and varying slowly witht relative to the symbol T 500 2T ) o T—oo 2T J_p ’
rate. The optical signal propagates through the opticaliuned .
depicted as an optical fiber in Fig. 1, but which could also beaa?d peak optical power
free-space optical link. The photodetector at the recewith
responsivityr in A/W, detects the intensity of(¢). Without
loss of generalityc andr are normalized so that the receivedire used as design criteria. The modulation formats numer-
electrical signaly(t) can be written as (2) [11, p. 155]. ically optimized for average optical power are denoted as
Ip,.m» and for peak optical power agj, ,,. They are listed
Il. SIGNAL SPACE ANALYSIS in Appendix A. 7; is a 4-ary consteliation optimized for

The signals in S can be represented as;(tf) = both power measures. Together witf, ; and 75 4, they
fo:l sixk on(t) for i = 0,...,M — 1, where {¢x(t)}_,, are subsets of a lattice where the angle between its two basis
N < M, is a set of orthonormal basis functions [5]. The vectarectors iscos~!(1/3), which is the apex angle of the cone.
representation of;(t) with respect to these basis functions is
si = (si1,8i2,---,8,n5). We may thus alternatively represents  performance Measures
the signal set a$ = {sg,s1,...,Sm-1}-

Consider a two-dimensional signal space for IM/D
spanned by the basis functions

22(1)

Py, = max — = = cmax x(t) @)

p To evaluate performance, the uncoded and asymptotic (high-
SNR) power gains with respect to OOK are considered [1],
[2], [7]. The average optical power gaif, gain Over OOK for

61(t) = \/I rect (i) (4) the same error rate performance is defined in [7, Eq. (32)],
T T)’ and the peak optical power gaif, gain With respect to OOK
2 ¢ is defined in [7, Eq. (33)]. The average optical power is an
P2(t) = \/j cos (27 ft) rect (—) ; (5)  important figure of merit for skin- and eye-safety in wiredes

optical links [1, Ch. 5], [2], [5], and the peak power measure
whererect(t/T) = 1 for t € [0,T) and0 elsewhere, and the {;|erance against nonlinearities [13].

electrical subcarrier frequengy= 1/2T. In [5] and our prior o spectral efficiency measures the bit rate achieved in a
work [6], .[7], a three-dimensional S|gngl space W|th sigsetis given bandwidth. It is defined as
called raised-QAM was used to design modulation formats.

This three-dimensional signal space is spanned;lgy) in (4), n= Ry [bit/s/Hz], (8)

and the in-phase and quadrature phase modulation formats’ w

basis functions withf = 1/T [7, Egs. (13)—(14)]. The basiswhere R, = (1/T)log, M is the bit rate, andV is the

function ¢, (t) represents the DC bias, and is used as in [Bseband bandwidth aft). In [1], [6], [7], W was defined as

to guarantee signal nonnegativity. the first null in the spectrum, i.e., the width of the main Ipbe
We follow the same steps as in Theorem 1 in [7] fosince most of the energy of a signal is contained in this main

raised-QAM. The admissible regioff, defined as the setlobe. However, some modulation formats designed using the

of two-dimensional signal vectors satisfying a nonneggtiv signal space in Sec. Ill have no spectral nulls. Fig. 2 shows

constraint, is a two-dimensional cone with vertex at thgiari five formats that lack spectral nulls. This makes this dedinit

an apex angle oos~1(1/3) = 70.528°, and an opening in of bandwidth misleading. Instead, as in [3, p. 49], we wikus

the dimension spanned la (¢). the fractional power bandwidthi” defined as the length of
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OOK (K = 0.9). (7 refers to two-dimensional constellations in Fig. 2 &id (K = 0.9).
refers to three-dimensional constellations in [7]. Furtleenstellations of the
same size have the same marker color.)

1 T T
oF--- 300K -
'7[30,3 a (6)4
0.5} B
T, 3
-05} . -
o -0O0K : N Tymo%6,
-05f J -1 yf%,d 4
=7 *Cp g ’yﬁ,ﬁ
[~} ’ )
= 1 Zesp >-QPSK 0Cp, 5 1
Zasl >QPSK  , 0%p g 1 <
~ Py, 16 % -2r @ B
Py, 169
ok @, _
Ip p.16<
Tp, 8% T P,,16 sl 7. v |
s Fo,8
25+ — yp{)g % 'Y *Cgf’(,ﬁ
3L B
3L B
#4-PAM *4:PAM *Cp, 16
-35 1 1 1 1 1 1 1 | | | -35 L L 1 1 1 1 1 1 1 1
' 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 1.2 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1 11 12
n [bit/s/Hz| n [bit/s/Hz|

Fig. 5.
OOK (K = 0.99).

Asymptotic average optical power gain of modulatformats over

Fig. 6. Asymptotic peak optical power gain of modulationnfiats over OOK

(K = 0.99).

the smallest frequency interval carrying a certain fractid which is evaluated using only the Fourier transform of the

the total power. Note, however, that [3, Eqg. (3.15)] acceunsignals inS.

only for the continuous spectrum af(t). We will include

both the discrete and continuous spectrum as in [14]. For IV. PERFORMANCEANALYSIS

IM/DD channels, the discrete spectral componentat0 (at  Figs. 3—6 depict the (uncoded, high-SNR) average and peak

DC) represents the average optical power of a constelli@ion optical power gains of our modulation formats with respect t

p. 47]. The fractional power bandwidiv’ is the solution to  OOK, and as a function of spectral efficiengyThe fractional
ffVWSm(f) df power bgndwidtrW was compgted usingk = 0.9 and K =
=K, 0.99, which are somewhat arbitrary but commonly used.
LOOSz(f) df In addition to the modulation formats introduced in this

where S, (f) is the power spectral density of(¢), and paper, we consider subcarrier QPSK, nonnegative 4-PAM,

K € (0,1). Specifically, is reduced if a DC bias is added toand three-dimensional modulation formats from previouskwo

the signal. The power spectral density depends on the choigimized for average optical powet’§, ,,) and peak optical

of basis functions, constellation points, and the cori@hat power f@mM) [7]. We next discuss the plots in Figs. 3—6.

between symbols. For constellations with uniform probigbil 1) Py gain VS. 1 With K 0.9 (Fig. 3): For a fixed

distribution, S, (f) can be obtained using [15, Eq. (3.7.6)]M, modulation formats optimized for average power have a

)



larger P, gain than those optimized for peak power. The threesignal spaces, modulation formats optimized for peak power
dimensional constellation optimized for both power measur achieve a higher spectral efficiency than those optimized fo
%4, has a similarp and Po,gam as Jp, 3, Whereas, has average power.

better power and spectral efficiency tham, ;. The three-
dimensional constellations optimized for peak POWEE, o
and ¢, 4, have highem than¢s ¢ and s ;4. This comes
at the price of a lower power e1"ficienc5j2pm8 has a highen
than 75 5, and 4-PAM has the highestand IowestPo,gam
For K = 0.9, the modulation formats designed using the
two-dimensional signal space have better spectral-gfiigie
characteristics than formats designed using raised-QAdd. F
example,7p ¢ has a better) than@’, .

2) P gain Vs. 7 With K = 0.9 (Fig. 4): For a fixed M,
modulation formats optimized for peak power have better
spectral as well as power efficiency than those optimized for (2v/2/3 +V/3/2,£1/2)}.
average power. OOK has the bel%;,gam among all studied ACKNOWLEDGMENTS
modulation formats. Further, OOK and; have a bettem
than 6, 7, 5. 7p, 3 and QPSK. The two-dimensional 8- J. Karout and E. Agrell were supported by SSF under
ary formats have highey than the three-dimensional 16-arygrant RE07-0026. G. Kramer was supported by an Alexander
formats, and 4-PAM has the highestand the |0W€‘STpo,gain von Humboldt Professorship endowed by the German Federal
among the studied modulation formats. Ministry of Education and Research. F. R. Kschischang was

3) Pogan V. 7 With K = 0.99 (Fig. 5): As before, supported by a Hans Fischer Senior Fellowship of the Inistitu
modulation formats optimized for average power have a high®r Advanced Study, Technische Universitat Munchengifeth
po'gainthan those Optimized for peak powg}—)o73 and%, have by the German Excellence Initiative. The authors would like
the higheStPo,gain among the studied formats. QPSK and 40 acknowledge R. Krishnan for comments on the paper.
PAM have similarn which is the highest among the 2-, 3-,
and 4-ary constellations. Unlike the case whéfe= 0.9, the o
three-dimensional 8-ary constellations are better in tsplec [1] f{ﬁ%‘?ﬂ%éﬁﬁﬁﬁﬁﬁsﬁwwCat'ons'
and power efficiency in comparison to the two-dimensional 8] J. M. Kahn and J. R. Barry, “Wireless infrared commuriizas,” Proc.
ary constellations. In additio%lso 16 has the highesf among IEEE, vol. 85, no. 2, pp. 265-298, 1997. _
the studied constellations. The two-dimensional coretiets ! gbﬁr{gg'rlog&gwe'% Optical Communication Systerms.  New York:
have more power close to DC, whereas the three-dimensional s. Randel, F. Breyer, and S. C. J. Lee, “High-speed trissan over
constellations have a wider main lobe. This makes the 99% noﬁ\l;\lltFi{ﬁgode optical fibers,” irProc. Opt. Fiber Commun. Conf., 2008, p.
in-band power for the three-dimensional con_stellat!on&loc 5] S. Hranilovic and F. R. Kschischang, “Optical intensifydulated direct
at frequencies lower than those for the two-dimensionakone

APPENDIXA
OBTAINED CONSTELLATIONS

Constellations are normalized to unit minimum distance.
Trps = 1(0,0), (V2/3,£1/V3)}.
Tp,3 = 1(0,0), (V3/2,£1/2)}.
Th = T, 3 U{(21/2/3,0)}.
Trps = T U{(21/2/3,£2/V3), (V6,+1/V3)}.
Tt = Ta U{(V2/3+V3/2,£(1/2+1/V3)),
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