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ABSTRACT

In this paper, various modulation schemes are inves-
tigated for the Gigabit per second (Gbps) wireless in-
frared (IR) line-of-sight (LOS) communication. The
power and bandwidth efficiency are compared while
considering the impact of shot noise andf2 noise as
well as distortions caused by a noise rejection filter
and a high-pass filter (HPF) at the receiver. Further-
more, the wireless IR transmission can be seriously de-
teriorated by the so called “transient baseline wander”,
which is caused by the inherent high-pass characteristic
of the receiver. This signal distortion induced by such
an impairment can be mitigated by using a line code
such as the “IBM 8B10B code”.

Index Terms— optical wireless transmission, mod-
ulation, OOK, line coding, 8B10B, noise, photodiode

1. INTRODUCTION

Home networks at speeds of several Gbps are a pivotal
technology for realizing the European Union’s (EU’s)
vision of the future Internet. As a part of the EU Sev-
enth Framework R&D programme (FP7), the OMEGA
project [www.ict-omega.eu] investigates and optimizes
the three main technologies for home access, i.e., radio
frequency, wireless optical and power line.

This paper is focused on Gbps wireless IR LOS
communication [1], which requires intensity modula-
tion and direct detection [2]. In order to ensure Gbps
transmission over several meters, an appropriate mod-
ulation scheme has to be selected carefully.

The power efficiency of various modulation
schemes is usually compared by assuming additive
white Gaussian noise, where the background light in-
duced shot noise is considered as the strongest source
of noise. While this noise model holds for moderate
data rates of several tens of Mbps, it is not valid for
1 Gbps and beyond, if PIN receivers, which are affected
by strongf2 noise, are used. This contribution shows
that a modulation scheme, which may perform well in
white noise, is not necessarily a good choice whenf2

noise dominates.

Popular modulation schemes are on-off keying
(OOK) and pulse-position modulation (PPM) [3].

In this paper, OOK based on non-return-to-zero rect-
angular pulses (NRZ-OOK) is chosen as the reference
modulation scheme. This scheme is compared to return-
to-zero OOK (RZ-OOK), 4-PPM, and various subcar-
rier modulations (like phase-shift keying (PSK) and
quadrature amplitude modulation (QAM)) in terms of
the required bandwidth and power. These investiga-
tions show the feasibility of NRZ-OOK for the Gbps
IR OMEGA demonstrator.

The robustness to high-pass filtering is also consid-
ered. While subcarrier modulation and 4-PPM do not
include low frequency spectral components, it is not
the case for OOK. For this reason, OOK has to be com-
bined with a line code. The “IBM 8B10B code” [4] is
a very favourable candidate.

This paper is organized as follows. Section 2 de-
scribes the simulation system. Section 3 gives an ana-
lytical overview about several selected modulation
schemes and Section 4 explaines the reason for inte-
grating the “IBM 8B10B code”. This paper ends in
Section 5 and 6 with simulation results and a summary.

2. GBPS WIRELESS IR SYSTEM

The block diagram of the Gbps wireless IR system is
shown in Fig. 1. The transmitter consists of an intensity
modulator which drives a laser diode, and optionally of
a line encoder. The optical signal passes through a LOS
channel, which is assumed to be ideal and characterized
by the impulse responsehc(t) = δ(t).

At the receiver, the incoming optical signal is con-
verted into an electrical signal by a PIN photodiode
(PIN-PD) or an Avalanche photodiode (APD). This
electrical signal comprises of the transmitted signal and
the ambient light induced shot noise that is essentially
white Gaussian distributed and independent of the de-
sired signal.

Although the transfer function of the preamplifier
at the receiver frontend is assumed to be ideal with
|Hpreamp(f)| = 1, its induced noise is considered. This
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Fig. 1. Block diagram of the Gbps wireless IR system

additional noise, which is referred to the receiver input,
consists of thermal noise with constant power spectral
density (PSD) andf2 noise with PSD increasing with
the square of the frequency [5]. It should be noted that
the noise variance off2 noise depends onR3

b. That
means, changing the data rateRb from 100 Mbps to
1 Gbps will result in an increased power of thef2 noise
by a factor of 1000. Because of thatf2 noise mainly
degrades the receiver sensitivity for indoor Gbps wire-
less IR transmission.

A 5th-order Bessel low-pass filter is then applied
for noise rejection with its cut-off frequencyf3dB =
Breq/2. The HPF, which is modeled as a first order
RC filter, is used for mitigating the fluorescent light in-
duced periodic interference. In this paper, the cut-on
frequency of this HPF is defined asfc = 0.005 · Breq.
It provides a good tradeoff between the vertical eye-
opening, the reduction of fluorescent light harmonics
and the required small settling time of around 8 bytes
at a data rate of 1 Gbps. But, it could result in the tran-
sient baseline wander effect. After HD, the demodu-
lated signal is decoded to retrieve the transmitted data.

A key point with respect to the high-speed wireless
IR system design is the choice of the wavelength. The
wavelength range at around 850 nm was found to be
best suited, since silicon photodiodes are available at
low costs and offer a good compromise between the
transit time, the capacitance and the responsivity.

Furthermore, with respect to the receiver design,
silicon PIN-PDs and APDs are to be investigated sepa-
rately for different modulation schemes. A small pho-
todiode capacitance is definitely desirable for both pho-
todiodes due to its square proportionality to the vari-
ance of thef2 noise [6]. The capacitance per unit area
of about 5 pF/mm2 can be viewed as an excellent choice
for a well designed silicon photodiode with a respon-
sivity of Rλ = 0.5 A/W and a transit time of around
0.5 ns. Based on those considerations, various modu-
lation schemes are to be exploited in the next section.

3. MODULATION SCHEMES

In this section, NRZ-OOK will be used as a bench-
mark to compare the bandwidth and power efficiencies
of various simple and predominant binary modulation
schemes. While disturbances due the noise rejection

filter as well as additive noise components at the re-
ceiver are taken into account within this section, the
HPF and the line code are not included for simplicity.

3.1. NRZ-OOK

For any binary modulation scheme, the bit error rate
(BER) pb can be expressed as a function of the electri-
cal signal-to-noise ratio (SNR)̺[7]

pb =
1

2
erfc

√
̺

2
with ̺ =

(dEO/2)2

σ2
n

, (1)

wheredEO is the maximum vertical eye-opening sup-
posing that the filters cause no signal distortion.σ2

n
denotes the noise variance. Assuming NRZ-OOK rect-
angular pulses with its peak optical signal powerP̂rx at
the receiver and thus its average optical powerPrx =
P̂rx/2, the ideal vertical eye-opening is

dEO = 2PrxRλM.

M is the multiplication factor of the photodiode (APD-
gain), withM = 1 for PIN-PDs andM ranges from 1
to 100 for typical APDs.

Furthermore, the vertical eye-opening penalty
KEOP = d/dEO ≤ 1 is defined to describe the loss of
the vertical eye-openingd caused by a filter with a cer-
tain bandwidth. In general, the required bandwidth for
a modulation scheme is defined by the first zero cross-
ing of the PSD of its base function. For NRZ-OOK, the
required filter bandwith isBreq = Rb, if no line code
is considered. Thus the cut-off frequency of the 5th-
order Bessel low-pass filter at the receiver is assumed
to f3dB = Rb/2. Then Eq. (1) becomes

pb =
1

2
erfc

(

KEOP · PrxRλM√
2 ·
√

σ2
n

)

and the required average optical receiving power is

Prx =

√
2 ·
√

σ2
n

KEOP · RλM
· erfc−1(2pb).

For a BJT-based preamplifier, the noise varianceσ2
n

after the HPF and the Bessel filter is given as [7]

σ2
n =

∫
∞

0

2Φnn(f) |Hrx(f)|2 df

= σ2
n,N0

+ σ2
n,N2

=

(

2qPbgRλM2F (M) + 2qIb +
4kBT

RL

)

︸ ︷︷ ︸

N0

I2Rb+

(
2qIc(2πCtot)

2

S2
+ 4kBT (Rs + Rbb)(2πCD)2

)

︸ ︷︷ ︸

N2

I3R
3
b.

(2)



• N0 represents the one-side PSD of the white
noise, of which the first item gives the back-
ground light induced shot noise and the rest are
due to the preamplifier at the receiver frontend.
N2 is the one-side PSD of thef2 noise caused
by the preamplifier.

• Pbg is the background light power. The term

F (M) = kAM + (1 − kA)(2 − 1/M)

is the excess noise factor, wherekA is the ef-
fective ionization ratio typically varying between
0.02 and 0.05 for silicon photodiodes. Here a
factor of 0.02 is assumed.

• q electronic charge;kB Boltzmann constant;
T absolute temperature

• Ib is the base current of the BJT at the first stage
of the preamplifier andIc = βIb is the collec-
tor current which contributes to thef2 noise with
current gainβ. The transconductance of the tran-
sistor isS = qIc

kBT
.

• CD is the photodiode capacitance andCtot ≈ CD

is the total capacitance at the first stage of the
preamplifier.RL is the load resistor andRs+Rbb

is the sum of the photodiode series resistance and
the BJT-spreading resistance.

•
I2 =

∫ ∞

0

|Hrx(f
′)|2df ′,

I3 =

∫ ∞

0

f ′2|Hrx(f
′)|2df ′

are the Personick-integrals for the white noise
and thef2 noise respectively, wheref ′ = f/Rb

and|Hrx(f)| denoting the transfer function of the
combination of the preamplifer, the Bessel low-
pass and the HPF. Considering a 5th-order Bessel
filter with f3dB = Rb/2, these parameters are
given asI2 = 0.52 andI3 = 0.0843.

3.2. RZ-OOK

A return-to-zero rectangular pulse with a duty cycle
of 0.5 is to be investigated on the basis of the same
average receiving powerPrx as for NRZ-OOK. The
optical peak power iŝPrx = 4Prx and the ideal verti-
cal eye-opening is

dEO = 4PrxRλM.

The required average receiving power for RZ-OOK is

Prx =

√

σ2
n√

2 · KEOP · RλM
· erfc−1(2pb).

Deviant of the constraintf3dB = Breq/2, for RZ-OOK
the cut-off frequency of the Bessel filter is assumed to
f3dB = Rb/2 for further studies to reduce the noise
variance while maintaining the form of the RZ pulses.

3.3. OOK based on a Subcarrier

The modulation, OOK based on a subcarrier (OOK
Sub), is similar to NRZ-OOK by using a cosine pulse
instead of a rectangular one. Power “on” is expressed

bys1(t) = Prx

(

1 − cos
(

2π t
Tb

))

constrained in[0, Tb]

while “off” by s2(t) = 0. The optical peak power is
P̂rx = 4Prx and the ideal vertical eye-opening is

dEO = 4PrxRλM.

The required average receiving power for OOK Sub is

Prx =

√

σ2
n√

2 · KEOP · RλM
· erfc−1(2pb).

3.4. 4-PPM

In 4-PPM, each symbol interval of durationTs = 2Tb is
partitioned intoL = 4 chips of durationTc = Ts/4 =
Tb/2. With the assumption of the same average receive
power Prx as for NRZ-OOK, the optical peak power
of the rectangular pulses iŝPrx = 4Prx and the ideal
vertical eye-opening is

dEO = 4PrxRλM.

According to [3], the symbol error rate for HD is
approximated as

ps,HD ≈ L

2
· erfc

(√
̺

2

)

and the BER is given as

pb,HD =
L

2(L − 1)
ps,HD

=
4

3
erfc

(√
2 · KEOP · PrxRλM

√

σ2
n

)

.

It has to be noted that the noise variance is not the same
as before. The Personick-integrals areI2,PPM = 2I2

and I3,PPM = 8I3 because a Bessel filter with a cut-
off frequencyf3dB = Rb is applied for 4-PPM due to
its doubled bandwidthBreq = 1/Tc = 2Rb. Further-
more, in this case, the photodiode has to be as twice
as fast. Considering a factor of

√
2 caused by the HD

constraint, the required average receiving power for 4-
PPM is

Prx =

√

σ2
n

KEOP · RλM
· erfc−1

(
3

4
pb

)

.

Even if 4-PPM is regarded as coded OOK with[1000],
[0100], [0010], [0001], this assumption is valid due to
the inherent reduction of the number of transmitted ones.



3.5. BPSK

BPSK uses eithers1(t) = Prx

(

1 − cos
(

2π t
Tb

))

or

s2(t) = Prx

(

1 + cos
(

2π t
Tb

))

constrained in[0, Tb]

for transmitting the signal “on” and “off” separa-
tely. The ideal vertical eye-opening after down con-
version is

dEO =
√

2PrxRλM.

Due to the required down conversion from the subcar-
rier at the receiver, simulated as a multiplication with

m1(t) =
√

2 cos
(

2π t
Tb

)

, the noise variance has to be

recalculated as (cf. Appendix for more details)

σ2
n =

∫ ∞

0

(N0 + N2f
2) ∗ 1

2
[δ(f − Rb) + δ(f + Rb)]

= N0I2Rb + N2(I2 + I3)R
3
b.

(3)

The required average receiving power for BPSK is

Prx =
2 ·
√

σ2
n

KEOP · RλM
· erfc−1(2pb).

3.6. 4-QAM

4-QAM provides the 4 different signals

si(t) = Prx ±
Prx√

2
cos

(

2π
t

Ts

)

± Prx√
2

sin

(

2π
t

Ts

)

constrained in[0, Ts] ∀ i = 1, 2, 3, 4 with the symbol
time Ts = 2Tb to modulate two different bits simul-
taneously. The ideal vertical eye-opening after down
conversion, separately for the inphase and quadrature
path, is

dEO =
√

2PrxRλM.

The required average receiving power for 4-QAM is

Prx =
2 ·
√

σ2
n

KEOP · RλM
· erfc−1(2pb).

At the receiver, which is shown in Fig. 2, the high-
pass filtered signal with a cut-on frequency of

Fig. 2. Receiver design for 4-QAM. (The cut-on fre-
quency of the HPF isfc = 0.0075 ·Rb and the transfer
function of the noise rejection filterHrx(f) is assumed
as a root raised cosine (RRC) function with a roll-off
factor of 1.)

fc = 0.0075 · Rb has to be down converted before it
is fed into a suitable noise rejection filter. This down
conversion is performed by a multiplication with

m1(t) =
√

2 cos
(

2π t
Ts

)

andm2(t) =
√

2 sin
(

2π t
Ts

)

to provide the inphase and the quadrature path respec-
tively. For both paths, the same noise variance is ob-
tained as in Eq. (3) due to the down conversion (cf.
Appendix).

The Personick-integrals are determined as
I2 = 0.25 and I3 = 0.0082 because of the accord-
ing symbol rate for 4-QAMRs = Rb/2 and the usage
of a root raised cosine (RRC) filter for noise rejection
(Hrx(f)) with a roll-off factor of 1. This RRC filter is
applied instead of the 5th-order Bessel low-pass filter
which violates the orthogonality of the inphase and the
quadrature path.

Besides, at the transmitter, the signal has to be
adopted additionally to this RRC pulse form (displayed
in Fig. 3) to prepare the demodulation with the pro-
posed filter.

The analytical comparison between the abovemen-
tioned modulation schemes is shown in Table 1. BPSK
is not a good candidate because of its high loss caused
by the Bessel filter and the noise amplification due to
the use of the subcarrier. Because of the doubled band-
width of 4-PPM which increases thef2 noise and due
to the requirement of faster photodiodes, 4-PPM is not
a real alternative to NRZ-OOK. Although 4-QAM de-
picts very good results in Table 1, it is not chosen as
a suitable modulation method due to the complexity of
the transmitter and the receiver design and the accom-
panying increase of thef2 noise shown in Eq. (3).

RZ-OOK and OOK Sub are possible alternatives
to NRZ-OOK in terms of power efficiency, bandwidth
efficiency or reasonable leakage. However, OOK can
be considered as a good choice for Gbps transmission
and NRZ-OOK is chosen for the Gbps IR OMEGA
demonstrator because of its extreme implementation
simplicity for the laser diode as well as for the receiver.

Fig. 3. RRC pulse forming at the transmitter



Modulation Required Bessel Filter KEOP due to
Method Bandwidth dEO/ (RλM) Cut-Off Frequency the Noise

Breq f3dB Rejection Filter

NRZ-OOK Rb 2P 0.5Rb 0.90
RZ-OOK 2Rb 4P 0.5Rb 0.63

Rb 0.95
OOK Sub 0.7Rb 4P 0.5Rb 0.60

4-PPM 2Rb 4P Rb 0.90
BPSK Rb

√
2P 0.5Rb 0.84

4-QAM 0.5Rb
√

2P - 0.91

Table 1. Comparison of different modulation schemes

4. LINE CODING

In this section, the desired line coding suitable for Gbps
IR transmission is to be demonstrated based on NRZ-
OOK. According to [8], the following properties are
further considered in selecting a proper line code for
high-speed IR links:

• Code rateRc = m/n: is determined as the ratio
between the number of input bitsm and the num-
ber of coded output bitsn, whereas high code
rates are desired.

• DC-balance: is preferable because it ensures
the optimum decision threshold at zero with re-
spect to the high-pass filtered signal. DC-balance
means that the disparity (DP) of all acceptable
code words, defined as the difference between
the count of ones and zeros within a code word,
is zero. The running disparity (RD) character-
izes the sum of the DP of all code words from
the beginning of a transmission until the current
transmitted code word. A constant and small
RD is desired because it provides robustness to-
wards the transient baseline wander caused by
the receive-site HPF.

• Maximum run-length rmax: is defined as the
maximum number of consecutive ones or zeros
within the coded data stream that needs to be lim-
ited to provide regular clock information.

• Short time average variationσN : The HPF at
the receiver is assumed to be a first order RC-
filter with the step response

g(t) = δ(t) − 1

T
exp

(

− t

T

)

for t ≥ 0,

which shows that it basically removes the short
time average from the signal. The transient base-
line wander effect can still be estimated roughly
assuming constant weighting factors within the
integration interval. Withcn ∈ {0, 1} being code

bits at the line encoder output,

µN[n] =
1

N

n+N−1∑

k=n

ck, n ∈ N

is defined as the short time average overN bits.
The relative vertical eye-opening at the receiver
can be estimated as

(1 − µN,max) − (0 − µN,min) =

1 − (µN,max − µN,min)
︸ ︷︷ ︸

σN

,

with
µN,max = max

∀n
µN[n]

and
µN,min = min

∀n
µN[n]

denoting the maximum and minimum short time
average overN bits respectively.σN is the max-
imum variation of the short time average and a
direct measure of the loss with respect to the ver-
tical eye-opening which is desired to be as low
as possible. For example, 4-PPM can also be
considered as line coded OOK transmission with
Rc = 1/2. σ10 = 1/5 and σ20 = 1/10 are
obtained for 4-PPM, showing that the transient
baseline wander effect decreases with an increas-
ing integration interval [8].

Fig. 4 gives the DP variation of various theoretical
mBnB codes with respect to the code rate. The rela-
tionship between the number of input and output bits is
determined by the countK of possible code words for
a given DP:

Ki =

i∑

j=0

(
n

n/2 − DPj/2

)

with

DPi ∈ {DPi−1, ± 2i} for i ≥ 1 and DP0 = 0

resulting in
m = ⌊log2(K)⌋ .



0 5 10 15 20
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

number of coded bits n

co
de

 r
at

e 
R

c

 

 

D
3
=D

2
,±6

D
2
=D

1
,±4

D
1
=D

0
,±2

D
0
=0

Fig. 4. Disparity variation vs. code rate

Since thef2 noise is the main obstacle in limiting the
receiver sensitivity, it implies that low redundancy is a
primary design issue in choosing a proper line code due
to the fact that the variance of thef2 noise also depends
on the third power of the data rateR3

b (cf. Eq. (2)).
It clearly shows that the 8B10B code provides a very
good DC-balance while maintaining a higher code rate.
Although the 5B6B code displays the same DP varia-
tion at a slightly higher code rate ofRc = 0.833, the
natural affinity with the data packet units at the MAC
layer and the byte rate clock make the 8B10B code even
more preferred.

From this analysis, the “IBM 8B10B code” is pro-
posed for the Gbps IR OMEGA demonstrator, which
has already been used in many systems including the
Gigabit Ethernet. The main feature of this code is that
it is a concatenation of a 5B6B code and a 3B4B code.
Encoding and decoding are performed independently
for each 6B or 4B subblock by using a look-up table.
Moreover, all 6B and 4B subblocks individually, and
the complete 10-bit code word hold a DP of either 0 or
±2, which ensures quite a small transient baseline wan-
der as expressed using short time averageσ20 = 0.3
because of the achieved DC-balance over several code
words. To create such a DC-balanced code during the
transmission, the rule of RD has to be fulfilled for ev-
ery 4B and 6B subblock. That means, if the current RD
is positive, a code word with a negative DP or a DP
of zero is selected after initialising RD= −1 and vice
versa. Besides, the maximum run-length of this code
is limited to 4 which ensures the required clock recov-
ery at the receiver. A more detailed description of the
“IBM 8B10B code” can be found in [4] and [8].

5. SIMULATION RESULTS

The first step of this analysis contains the verification
of the following hypotheses with respect to NRZ-OOK
as the modulation benchmark:
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(Including the “IBM 8B10B code” and the according
penalty due to the Bessel filter and the HPF.)

• The part of white noise mainly determines the
required optical receiving power for APDs due to
its optimal value for the APD-gainM , whereas
for PIN-PDs withM = 1 thef2 noise dominates
the required optical receiving power due to the
proportionality toR3

b (cf. Eq. (2)), especially at
higher data rates.

• The amount of background lightLbg is one of
the most important noise parameters, especially
for APDs.

• Ideal APD receivers with an optimal APD-gain
can be approximated by APDs with a fixed value
of the APD-gain.

At the second step, different modulation schemes are
investigated with respect to the required optical receiv-
ing power.

Assuming a data rate on the line for NRZ-OOK
of Rb = 1.25 Gbps due to the required “IBM 8B10B
code”, a BER ofpb = 10−9, an average radiance of the
background light ofLbg = 2 µW/(mm2·sr) and an area
of the photodiode of 1 mm2, Fig. 5 depicts that the re-
quired optical receiving power increases with the data
rate. This power decrease is linear for APDs with an
APD-gain ofM > 1. But for PIN-PDs, whereM = 1,
this decrease is more exponential for small values of
the data rate reductionN , due to the proportionality
of the variance to the 3rd power of the data rate (cf.
Eq. (2)). At first, it can be assumed that there will be
a power gain of a factor of

√
N for APDs according to

the white noise variance components and for PIN-PDs
a gain of a factor of

√
N3 according to thef2 noise

variance components while reducing the data rate by
N . The simulation of Fig. 5 shows that the power gain
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Fig. 6. Required optical receiving power for NRZ-
OOK for APDs and PIN-PDs considering the total
noise varianceσ2

n of Eq. (2) or only a part of it (σ2
n,N0

or σ2
n,N2

). The “IBM 8B10B code” and the penalty due
to the Bessel and the HPF are included.

for ideal APDs is a little bit higher than predicted be-
cause not only the white noise, also other noise compo-
nents will be reduced while reducing the data rate. On
the contrary, the power gain of PIN-PDs is smaller than
predicted, because the white noise part still dominates
for PIN-PDs at data rates lower than 100 Mbps and can
not be neglected anymore.

Fig. 6 shows for NRZ-OOK the required optical re-
ceiving power versus the BER for APDs and PIN-PDs
considering either the total noise varianceσ2

n of Eq. (2)
or only a part of it,σ2

n,N0
or σ2

n,N2
. This simulation

verifies the applicable approximation of the required
optical receiving power for APDs by considering only
white noise components and for PIN-PDs by only con-
sideringf2 noise components at data rates of around
1 Gbps. Only for PIN-PDs there is a bigger inaccu-
racy due to the additional part of the white noise for
PIN-PDs predominantly caused by the assumed high
average background light.

The analysis of the influence of the background light
at a data rate of 1.25 Gbps depicts that the required opti-
cal receiving power is almost independent of the back-
ground light for PIN-PDs. But for APDs, Fig. 7 repre-
sents a strong increase of the required optical receiving
power when increasing the background light.

Furthermore, Fig. 5 and Fig. 7 verify that a con-
stant APD-gain ofM ∈ [10, 40] will be a good choice
to approximate the performance of an ideal APD-gain,
especially by assuming an average background light in
the range ofLbg = 2 µW/(mm2· sr). A radiance of the
background light of aboutLbg = 0.002 µW/(mm2· sr)
yields about 20 nA current which is arranged in the di-
mension of the dark current of the photodiode and does
not represent the standard case. Besides, all these sim-
ulations depend on the area of the photodiode, too. In
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Fig. 7. Required optical receiving power for NRZ-
OOK depending on thebackground light Lbg for dif-
ferent values of the APD-gainM . (Including the “IBM
8B10B code” and the according penalty due to the
Bessel and the HPF.)

general, the required optical receiving power increases
with the photodiode area.

Fig. 8 shows the results for the required optical re-
ceiving power for all the abovementioned modulation
methods under the usage of a PIN-PD and Fig. 9 de-
picts the results under the usage of an ideal APD with
its optimal APD-gain. In both cases, only RZ-OOK and
OOK Sub represent a better performance than the refer-
ence NRZ-OOK with a gain of approximately 1.5 dB,
although a line code is included for them (e.g. the
“IBM 8B10B code” which increases the data rate up
to Rb = 1.25 Gbps and thus the critical frequencies
of the filters at the receiver tof3dB = 650 MHz and
fc = 6.5 MHz and decreases the loss due to the tran-
sient baseline wander effect, too). 4-PPM, BPSK and
4-QAM do not need a line code because 4-PPM can
still be regarded as coded OOK, while BPSK and 4-
QAM always generate alternating pulses within one
symbol interval which ensure the clock recovery. Al-
though 4-QAM shows a better performance as NRZ-
OOK for APDs, this method is excluded because of the
much higher complexity at both the transmitter and the
receiver (cf. Section 3).

All in all, due to the simplicity of NRZ-OOK which
provides only two different amplitude levels, it is cho-
sen as the modulation method for the Gbps IR OMEGA
demonstrator. Moreover, under this consideration, the
according transmit-site laser driver is easier to build
and more power efficient than linear drivers which are
necessary for subcarrier modulation (e.g. OOK Sub
and 4-QAM) with its changing amplitude values within
one symbol. Furthermore, if the “IBM 8B10B code” is
included, which offers almost DC-balance, the decision
threshold for NRZ-OOK has not to be derived from the
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Fig. 8. Comparison of different modulation schemes
based onPIN-PDswhere line coding is included if nec-
essary. (The loss due to the 5th-order Bessel low-pass
and the first order RC HPF is always included.)

received signal which is required for RZ-OOK or 4-
PPM. In the case of DC-balance, the decision threshold
is equal to zero because of the HPF at the receiver.

6. CONCLUSION

In this paper, NRZ-OOK and the “IBM 8B10B code” is
proposed to be practically applied in the Gbps wireless
IR transmission system considering the effect of a 5th-
order Bessel low-pass filter for noise rejection, a HPF
in order to mitigate the fluorescent light interference as
well as the noise components of the preamplifier at the
receiver. The simulation results show the comparison
between various modulation schemes in terms of power
efficiency based on PIN-PDs and APDs. OOK based
modulation schemes offer a good compromise between
power and bandwidth efficiency, whereas APDs pro-
vide a 5 dB gain compared to PIN-PDs. Moreover, its
implementation simplicity makes NRZ-OOK preferred
for the Gbps IR OMEGA demonstrator.

The baseline wander induced by the use of the HPF
can be effectively mitigated using the proposed “IBM
8B10B code”, which also ensures efficient clock recov-
ery due to sufficient transitions available. To conclude,
a reasonable link budget can be observed by apply-
ing NRZ-OOK in concatenation with the “IBM 8B10B
code” in the Gbps wireless IR LOS communication.
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8. APPENDIX

The influence on the noise due to the subcarriers can be
investigated by the convolution of the PSD of the white
or thef2 noise with the PSD of the subcarriers where



Rs represents the symbol rate.
The PSD of white andf2 noise is given as:

ΦN0,N0
(f) =

N0

2
and ΦN2,N2

(f) =
N2

2
· f2

Definition of the cosine subcarrierm1(t) and the sine
subcarrierm2(t) in the frequency domain:

M1(f) =

√
2

2
· [δ (f − Rs) + δ (f + Rs)]

and

M2(f) = j

√
2

2
· [δ (f + Rs) − δ (f − Rs)]

Calculated PSD of the cosine and the sine subcarrier:

ΦM1,M1
(f) = |M1(f)|2 = ΦM2,M2

(f) = |M2(f)|2

=
1

2
· [δ (f − Rs) + δ (f + Rs)]

Results of the convolution for white noise:

ΦN0,N0
(f) ∗ ΦM1,M1

(f) = ΦN0,N0
(f) ∗ ΦM2,M2

(f)

=
N0

2

Results of the convolution forf2 noise:

ΦN2,N2
(f) ∗ ΦM1,M1

(f) = ΦN2,N2
(f) ∗ ΦM2,M2

(f)

=
N2

2
· f2 ∗ 1

2
· [δ (f − Rs) + δ (f + Rs)]

=
N2

4
(f − Rs)

2
+

N2

4
(f + Rs)

2

=
N2

4
·
[
f2 − 2Rsf + R2

s + f2 + 2Rsf + R2
s

]

=
N2

2
· f2 +

N2

2
· R2

s


