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USING WIRELESS INFRARED
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llImenau University of Technology
PO Box 100565 D-98684 limenau, Germany
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ABSTRACT Popular modulation schemes are on-off keying

In this paper, various modulation schemes are inveslOOK) and pulse-position modulation (PPM) [3].
tigated for the Gigabit per second (Gbps) wireless in-  Inthis paper, OOK based on non-return-to-zerorect-
frared (IR) line-of-sight (LOS) communication. The angular pulses (NRZ-OOK) is chosen as the reference
power and bandwidth efficiency are compared whilemodulation scheme. This scheme is compared to return-
considering the impact of shot noise afiti noise as {0-zéro OOK (RZ-OOK), 4-PPM, and various subcar-
well as distortions caused by a noise rejection filterier modulations (like phase-shift keying (PSK) and
and a high-pass filter (HPF) at the receiver. Furtherduadrature amplitude modulation (QAM)) in terms of
more, the wireless IR transmission can be seriously dee required bandwidth and power. These investiga-
teriorated by the so called “transient baseline wander'tions show the feasibility of NRZ-OOK for the Gbps
which is caused by the inherent high-pass characteristiet OMEGA demonstrator.
of the receiver. This signal distortion induced by such ~ The robustness to high-pass filtering is also consid-
an impairment can be mitigated by using a line codeered. While subcarrier modulation and 4-PPM do not
such as the “IBM 8B10B code”. include low frequency spectral components, it is not
. . . the case for OOK. For this reason, OOK has to be com-
I.ndex Tam;— opugal wireless transmission, F“Od' bined with a line code. The “IBM 8B10B code” [4] is
ulation, OOK, line coding, 8B10B, noise, photodiode a very favourable candidate.
This paper is organized as follows. Section 2 de-
1. INTRODUCTION scribes the simulation system. Section 3 gives an ana-

~lytical overview about several selected modulation
Home networks at speeds of several Gbps are a pivotdlnemes and Section 4 explaines the reason for inte-

technology for realizing the European Union’s (EU's) grating the “IBM 8B10B code”. This paper ends in

vision of the future Internet. As a part of the EU Sev- gaction 5 and 6 with simulation results and a summary.
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 2. GBPS WIRELESS IR SYSTEM
frequency, wireless optical and power line.

This paper is focused on Gbps wireless IR LOSThe block diagram of the Gbps wireless IR system is
communication [1], which requires intensity modula- shown in Fig. 1. The transmitter consists of an intensity
tion and direct detection [2]. In order to ensure Gbpsmodulator which drives a laser diode, and optionally of
transmission over several meters, an appropriate modtline encoder. The optical signal passes through a LOS
ulation scheme has to be selected carefully. channel, which is assumed to be ideal and characterized

The power efficiency of various modulation by the impulse responge(t) = 4(t).
schemes is usually compared by assuming additive At the receiver, the incoming optical signal is con-
white Gaussian noise, where the background light inverted into an electrical signal by a PIN photodiode
duced shot noise is considered as the strongest sour@@IN-PD) or an Avalanche photodiode (APD). This
of noise. While this noise model holds for moderateelectrical signal comprises of the transmitted signal and
data rates of several tens of Mbps, it is not valid forthe ambient light induced shot noise that is essentially
1 Gbps and beyond, if PIN receivers, which are affectedvhite Gaussian distributed and independent of the de-
by strongf? noise, are used. This contribution showssired signal.
that a modulation scheme, which may perform well in  Although the transfer function of the preamplifier
white noise, is not necessarily a good choice wiién at the receiver frontend is assumed to be ideal with
noise dominates. | Hpreamd f)| = 1, its induced noise is considered. This
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Moouiation | Riaser | 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.

LOS
Channel

(b} [ Line Bessel Pre- $ PNPD | 3.1. NRZ-OOK
Decoder H + H HPF H Filter H amplifier / APD ‘
Pemoduation n(®) For any binary modulation scheme, the bit error rate

(BER) pp can be expressed as a function of the electri-
cal signal-to-noise ratio (SNR)[7]

Fig. 1. Block diagram of the Gbps wireless IR system

additional noise, which is referred to the receiver input, Pp = 1erfc\/E with o= (deo/2)* 1)
consists of thermal noise with constant power spectral 2 2

density (PSD) ang? noise with PSD increasing with . . . .

the square of the frequency [5]. It should be noted thaVheredeo is the maximum vertical eye-opening sup-
the noise varance of* noise depends oty That - F2S08 B T8 PR IR0 BRTEL L et
means, changing the data ra from 100 Mbps to angular pulses with its peak optical signal pougr at

1 Gbps will resultin an increased power of tfrenoise i . :
P P fie the receiver and thus its average optical powgr =

by a factor of 1000. Because of thAt noise mainly P9 the ideal vertical . h
degrades the receiver sensitivity for indoor Gbps wire- /2, the ideal vertical eye-opening is

n

less IR transmission. deo = 2Py R\ M.
A 5th-order Bessel low-pass filter is then applied
for noise rejection with its cut-off frequencfsis = M is the multiplication factor of the photodiode (APD-

Breg/2. The HPF, which is modeled as a first order gain), with A/ = 1 for PIN-PDs and\/ ranges from 1
RC filter, is used for mitigating the fluorescent light in- to 100 for typical APDs.
duced periodic interference. In this paper, the cut-on  Furthermore, the vertical eye-opening penalty
frequency of this HPF is defined g = 0.005 - Breq.  Kgop = d/dgo < 1 is defined to describe the loss of
It provides a good tradeoff between the vertical eyethe vertical eye-openingcaused by a filter with a cer-
opening, the reduction of fluorescent light harmonicstain bandwidth. In general, the required bandwidth for
and the required small settling time of around 8 bytesa modulation scheme is defined by the first zero cross-
at a data rate of 1 Gbps. But, it could result in the traning of the PSD of its base function. For NRZ-OOK, the
sient baseline wander effect. After HD, the demodu-required filter bandwith iBreq = Ry, if no line code
lated signal is decoded to retrieve the transmitted datais considered. Thus the cut-off frequency of the 5th-
A key point with respect to the high-speed wirelessorder Bessel low-pass filter at the receiver is assumed
IR system design is the choice of the wavelength. Theo f3qg = R,/2. Then Eq. (1) becomes
wavelength range at around 850 nm was found to be

best suited, since silicon photodiodes are available at 1 ; Keop- PxR\M
low costs and offer a good compromise between the P = ier ¢ V2 /o2

transit time, the capacitance and the responsivity.
Furthermore, with respect to the receiver designand the required average optical receiving power is
silicon PIN-PDs and APDs are to be investigated sepa-
rately for different modulation schemes. A small pho- P V2 \/0_,% fe1 (9
todiode capacitance is definitely desirable for both pho- "~ Keop BaM ¢ (2po).
todiodes due to its square proportionality to the vari-
ance of thef2 noise [6]. The capacitance per unit areaFor @ BJT-based preamplifier, the noise variange
of about 5 pF/mrAcan be viewed as an excellent choice@fter the HPF and the Bessel filter is given as [7]
for a well designed silicon photodiode with a respon- 0o
sivity of R, = 0.5 A/W and a transit time of around o2 = / 2®nn(f) | Hee(f)|? df
0.5 ns. Based on those considerations, various modu- 0
lation schemes are to be exploited in the next section. = ffr%,N0 + UE,NQ

AkgT
= (2qugRAM2F(M) + 2qIp + R—B> I Ro+
L

3. MODULATION SCHEMES No

< 2ch(27TCtot)2

5 + 4kgT (Rs + Rbb)(2w00)2> I3R}.

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 N2

schemes. While disturbances due the noise rejection )




3.2.

Ny represents the one-side PSD of the white3.3. OOK based on a Subcarrier

noise, of which the first item gives the back- ) )
ground light induced shot noise and the rest arel " modulation, OOK based on a subcarrier (OOK

due to the preamplifier at the receiver frontend.Sub). is similar to NRZ-OOK by using a cosine pulse
N, is the one-side PSD of thg? noise caused instead of a rectangular one. Power “on” is expressed
by the preamplifier. by si1(t) = P (1 — oS (QWT%)) constrained if0, Tp)

Pyg is the background light power. The term while “off” by s2(¢) = 0. The optical peak power is
P = 4P and the ideal vertical eye-opening is
F(M) =kaM + (1 —ka)(2—1/M)

is the excess noise factor, whekg is the ef- deo = 4Px Ry M.
fective ionization ratio typically varying between ) o )
0.02 and 0.05 for silicon photodiodes. Here aThe required average receiving power for OOK Sub is

factor of 0.02 is assumed.

2
n

V2 Keop- RAM

7 -erfc ! (2pp).

q electronic charge;kg Boltzmann constant; Py
T absolute temperature

Iy is the base current of the BJT at the first stag
of the preamplifier and; = (1, is the collec-
tor current_which contributes to th€ noise with |, 4-PPM, each symbol interval of duratidg = 27} is
current gain3. The transconductance of the tran- partitioned intoL = 4 chips of duratiorly = Ts/4 =
sistor isS' = -5 Ty/2. With the assumption of the same average receive
Cp is the photodiode capacitance afigi ~ Cp ~ Power Fix as for NRZ-OOK, the optical peak power
is the total capacitance at the first stage of theof the rectangular pulses i8x = 4P and the ideal
preamplifier.R is the load resistor anBs-+ Ry vertical eye-opening is

is the sum of the photodiode series resistance and

3.4. 4-PPM

the BJT-spreading resistance. deo = 4Px Ry M.
o0 According to [3], the symbol error rate for HD is
12:/ | Ho(f)Pdf’, approximated as
0
R AT paro = L. erfc< g)

are the Personick-integrals for the white noise

and thef? noise respectively, wher€ = f/R,  andthe BER is given as
and|H(f)| denoting the transfer function of the

combination of the preamplifer, the Bessel low- _ L

pass and the HPF. Considering a 5th-order Bessel PoHD = 2(L — 1)ps’HD

filter with fsgg = Rp/2, these parameters are . .

given asl, = 0.52 andIs; = 0.0843. = éerfc V2 Keop: PufaM .
3 Vo2

RZ-O0OK

It has to be noted that the noise variance is not the same

A return-to-zero rectangular pulse with a duty cycleas before. The Personick-integrals dsgpy = 215

of 0.5 is to be investigated on the basis of the samend I3 ppm = 813 because a Bessel filter with a cut-
average receiving poweb as for NRZ-OOK. The off frequencyfsss = Ry is applied for 4-PPM due to
optical peak power ig7x = 4P and the ideal verti- its doubled bandwidttBreq = 1/7c = 2Ry. Further-

cal eye-opening is more, in this case, the photodiode has to be as twice

as fast. Considering a factor §f2 caused by the HD

deo = 4Py R\ M. . ; o
EO A constraint, the required average receiving power for 4-

The required average receiving power for RZ-OOK is PPM is

2
Vo _
P, n -erfc™ (2pp). P o2 erfe! <§pb) '

V2 Keop: RAM ~ Keop- RAM 4

Deviant of the constrainfzgg = Breq/2, for RZ-OOK

the cut-off frequency of the Bessel filter is assumed tcEven if 4-PPM is regarded as coded OOK wjith00],

faas = Rp/2 for further studies to reduce the noise [0100], [0010], [0001], this assumption is valid due to
variance while maintaining the form of the RZ pulses. the inherent reduction of the number of transmitted ones.



3.5. BPSK fo = 0.0075 - Ry has to be down converted before it

. B ' is fed into a suitable noise rejection filter. This down
BPSK uses eithes,(t) = Fix (1 — 08 (27TTb)) Of  conversion is performed by a multiplication with

s2(t) = P (1 + cos (277%,)) constrained iN0, Tb]  my(t) = V2cos (277%5) andms(t) = v/2sin (277%)

for transmitting the signal “on” and “off” separa- to provide the inphase and the quadrature path respec-

tely. The ideal vertical eye-opening after down con-tively. For both paths, the same noise variance is ob-

version is tained as in Eq. (3) due to the down conversion (cf.
deo = V2PxR\M. Appendix).

Due to the required down conversion from the subcar- 1he Personick-integrals are determined = as

rier at the receiver, simulated as a multiplication with 2 = 0-25 andl; = 0.0082 because of the accord-

B . . . ing symbol rate for 4-QAMRs = R},/2 and the usage
m (1) = v2cos (27TTb)’ the noise variance has to be ¢ ot raised cosine (RRC) filter for noise rejection

recalculated as (cf. Appendix for more details) (Hw(f)) with a roll-off factor of 1. This RRC filter is
oo 1 applied instead of the 5th-order Bessel low-pass filter
= / (No 4+ Naf?) * 5[6(f — Ry) +6(f + Ro)]  which violates the orthogonality of the inphase and the
0 quadrature path.
= NoloRo + Na(Iz + I3) Ry. Besides, at the transmitter, the signal has to be
(3) adopted additionally to this RRC pulse form (displayed

The required average receiving power for BPSK is in Fig. 3) to prepare the demodulation with the pro-

posed filter.
2-/02 _
Py = m -erfc™! (2py). The analytical comparison between the abovemen-
tioned modulation schemes is shown in Table 1. BPSK
3.6. 4-QAM is not a good cgndidate becau;e of its high I_oss caused
by the Bessel filter and the noise amplification due to
4-QAM provides the 4 different signals the use of the subcarrier. Because of the doubled band-

P ' P ’ width of 4-PPM which increases try_é noise and due
si(t) = Px + ™ cos <27r—) + X sin <27T_> to the requirement of faster photodiodes, 4-PPM is not
V2 Is V2 Ts a real alternative to NRZ-OOK. Although 4-QAM de-
constrained if0, 7y Vi = 1,2,3,4 with the symbol picts very good results in Table 1, it is not chosen as
time Ty = 27}, to modulate two different bits simul- & Suitable modulation method due to the complexity of
taneously. The ideal vertical eye-opening after dowrfn€ transmitter and the receiver design and the accom-

conversion, separately for the inphase and quadratuRAnYing increase of thg? noise shown in Eq. (3).
path, is RZ-OOK and OOK Sub are possible alternatives

deo = V2P RAM. to NRZ-OOK in terms of power efficiency, bandwidth
_ o ~ efficiency or reasonable leakage. However, OOK can
The required average receiving power for 4-QAM s pe considered as a good choice for Gbps transmission

2. /o2 and NRZ-OOK is chosen for the Gbps IR OMEGA
Py=—>Y""__ -erfc_1(2pb). demonstrator because of its extreme implementation
Keop- RAM

simplicity for the laser diode as well as for the receiver.
At the receiver, which is shown in Fig. 2, the high-
pass filtered signal with a cut-on frequency of

m,(t)=\2-cos(21 t/T,)

signal yl(l)
+

noise 2 t 1/Max P-cos /Ts)N2
ise with o Jrrolt) (21 t/Ts)
Rx-signal

Tx-signal
B )

s(t)

signal y,(t
g +yo()

noise with 62 ¢

noise n(t)
with @, (f)

m(t)=\2-sin(2m ¥T,)

Gare)  UMax  P-sin(2m UT)N2

Fig. 2. Receiver design for 4-QAM. (The cut-on fre-

quency of the HPF ig. = 0.0075 - Ry and the transfer

function of the noise rejection filteil (/) is assumed Fig. 3. RRC pulse forming at the transmitter
as a root raised cosine (RRC) function with a roll-off

factor of 1.)



Modulation Required Bessel Filter Keop due to
Method Bandwidth | deo/ (RyM) | Cut-Off Frequency the Noise
Breq f3dB Rejection Filter

NRZ-OOK Ry 2P 0.5Ry 0.90
RZ-OOK 2Ry, 4P 0.5R; 0.63
Ry 0.95
OOK Sub 0.7Rp 4P 0.5R; 0.60
4-PPM 2Ry, 4P Ry 0.90
BPSK Rp V2P 0.5Rp 0.84
4-QAM 0.5Rp V2P - 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:

e Coderate R; = m/n: is determined as the ratio
between the number of input bits and the num-
ber of coded output bita, 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-passfiltered 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 r,..: 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 variationoy: The HPF at
the receiver is assumed to be a first order RC-

filter with the step response
() = 5(t) — 2 o LY for t>0
g(t) = 7P| —% r >0,

which shows that it basically removes the shortWith

bits at the line encoder output,

1 n+N—1
MN[”]:N Z ck, neN
k=n

is defined as the short time average oXebits.
The relative vertical eye-opening at the receiver
can be estimated as
(0 - ,LLN,min) -

1- (:uN,max - ,uN,min)7

(1 - /LN,max) -

oN
with
HN,max = max /LN[TL]
vn

and

HN,min = min pn[n]
Vn

denoting the maximum and minimum short time
average ovelN bits respectivelyoy 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
R. = 1/2. 019 = 1/5 andoyy = 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 courdt of possible code words for
a given DP:

-3 (n/z —nDP./2)

j=0

time average from the signal. The transient base- DP, € {DP_,, £2i} for i>1 and DR =0

line wander effect can still be estimated roughly

assuming constant weighting factors within theresulting in

integration interval. With,, € {0, 1} being code

m = |logy(K))
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Fig. 4. Disparity variation vs. code rate Fig. 5. Required optical receiving power for NRZ-

OOK depending on theata rate R,/N with R, =
1.25 Gbps for different values of the APD-gai/.
(Including the “IBM 8B10B code” and the according
genalty due to the Bessel filter and the HPF.)

Since thef? 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 du
to the fact that the variance of tifé noise also depends

on the third power of the data rafe (cf. Eq. (2)). e The part of white noise mainly determines the
It clearly shows that the 8B10B code provides a very required optical receiving power for APDs due to
good DC-balance while maintaining a higher code rate. its optimal value for the APD-gaifi/, whereas
Although the 5B6B code displays the same DP varia- for PIN-PDs withM = 1 the f2 noise dominates
tion at a slightly higher code rate d¢f. = 0.833, the the required optical receiving power due to the
natural affinity with the data packet units at the MAC proportionality toR} (cf. Eq. (2)), especially at

layer and the byte rate clock make the 8B10B code even higher data rates.
more preferred.

From this analysis, the “IBM 8B10B code” is pro- e The amount of background lightg is one of

posed for the Gbps IR OMEGA demonstrator, which the most important noise parameters, especially
has already been used in many systems including the ~ for APDs.
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 At the second step, different modulation schemes are
the complete 10-bit code word hold a DP of either O orinvestigated with respect to the required optical receiv-
+2, which ensures quite a small transient baseline waning power.

der as expressed using short time average= 0.3 Assuming a data rate on the line for NRZ-OOK
because of the achieved DC-balance over several codg R, = 1.25 Gbps due to the required “IBM 8B10B
words. To create such a DC-balanced code during thgode”, a BER ofy, = 102, an average radiance of the
transmission, the rule of RD has to be fulfilled for ev- hackground light ofLpg = 2 pW/(mm?-sr) and an area
ery 4B and 6B subblock. That means, if the current RDof the photodiode of 1 m# Fig. 5 depicts that the re-

is positive, a code word with a negative DP or a DPquired optical receiving power increases with the data
of zero is selected after initialising RB —1 and vice  rate. This power decrease is linear for APDs with an
versa. Besides, the maximum run-length of this codezsPD-gain of M/ > 1. But for PIN-PDs, wheré/ = 1,

is limited to 4 which ensures the required clock recov-thjs decrease is more exponential for small values of
ery at the receiver. A more detailed description of thethe data rate reductio®V, due to the proportionality

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

“IBM 8B10B code” can be found in [4] and [8]. of the variance to the 3rd power of the data rate (cf.
Eqg. (2)). At first, it can be assumed that there will be
5. SIMULATION RESULTS a power gain of a factor of/ N for APDs according to

the white noise variance components and for PIN-PDs
The first step of this analysis contains the verificationa gain of a factor o/ N3 according to thef2 noise
of the following hypotheses with respect to NRZ-OOK variance components while reducing the data rate by
as the modulation benchmark: N. The simulation of Fig. 5 shows that the power gain
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OOK for APDs and PIN-PDs considering the total OOK depending on thbackground light Lyg for dif-
noise varianceo? of Eq. (2) or only a part of itcf,%v,\,0 ferent values of the APD-gail/. (Including the “IBM
oro?y,)- The “IBM 8B10B code” and the penalty due 8B10B code” and the according penalty due to the
to the Bessel and the HPF are included. Bessel and the HPF.)

for ideal APDs is a little bit higher than predicted be- general, the required optical receiving power increases
cause not only the white noise, also other noise compowith the photodiode area.
nents will be reduced while reducing the data rate. On  Fig. 8 shows the results for the required optical re-
the contrary, the power gain of PIN-PDs is smaller tharnceiving power for all the abovementioned modulation
predicted, because the white noise part still dominatemethods under the usage of a PIN-PD and Fig. 9 de-
for PIN-PDs at data rates lower than 100 Mbps and capicts the results under the usage of an ideal APD with
not be neglected anymore. its optimal APD-gain. In both cases, only RZ-OOK and
Fig. 6 shows for NRZ-OOK the required optical re- OOK Sub represent a better performance than the refer-
ceiving power versus the BER for APDs and PIN-PDsence NRZ-OOK with a gain of approximately 1.5 dB,
considering either the total noise variangeof Eq. (2)  although a line code is included for them (e.g. the
or only a part of it,o; Or o;y,. This simulation “IBM 8B10B code” which increases the data rate up
verifies the applicable approximation of the requiredto R, = 1.25 Gbps and thus the critical frequencies
optical receiving power for APDs by considering only of the filters at the receiver t¢sgg = 650 MHz and
white noise components and for PIN-PDs by only con-f. = 6.5 MHz and decreases the loss due to the tran-
sidering f2 noise components at data rates of aroundgient baseline wander effect, too). 4-PPM, BPSK and
1 Gbps. Only for PIN-PDs there is a bigger inaccu-4-QAM do not need a line code because 4-PPM can
racy due to the additional part of the white noise forstill be regarded as coded OOK, while BPSK and 4-
PIN-PDs predominantly caused by the assumed higlpAM always generate alternating pulses within one
average background light. symbol interval which ensure the clock recovery. Al-
The analysis of the influence of the background lighthough 4-QAM shows a better performance as NRZ-
ata datarate of 1.25 Gbps depicts that the required opt®OK for APDs, this method is excluded because of the
cal receiving power is almost independent of the backmuch higher complexity at both the transmitter and the
ground light for PIN-PDs. But for APDs, Fig. 7 repre- receiver (cf. Section 3).
sents a strong increase of the required optical receiving
power when increasing the background light. Allin all, due to the simplicity of NRZ-OOK which
Furthermore, Fig. 5 and Fig. 7 verify that a con- provides only two different amplitude levels, it is cho-
stant APD-gain of\/ € [10,40] will be a good choice sen as the modulation method for the Gbps IR OMEGA
to approximate the performance of an ideal APD-gaindemonstrator. Moreover, under this consideration, the
especially by assuming an average background light imccording transmit-site laser driver is easier to build
the range ofLpg = 2 pW/(mm?- sr). A radiance of the and more power efficient than linear drivers which are
background light of aboukpg = 0.002 uW/(mm?- sr)  necessary for subcarrier modulation (e.g. OOK Sub
yields about 20 nA current which is arranged in the di-and 4-QAM) with its changing amplitude values within
mension of the dark current of the photodiode and doesne symbol. Furthermore, if the “IBM 8B10B code” is
not represent the standard case. Besides, all these siin¢luded, which offers almost DC-balance, the decision
ulations depend on the area of the photodiode, too. Ithreshold for NRZ-OOK has not to be derived from the
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Fig. 8. Comparison of different modulation schemesFig. 9. Comparison of different modulation schemes
based oPIN-PDswhere line coding is included if nec- based on ideaAPDs where line coding is included if
essary. (The loss due to the 5th-order Bessel low-passecessary. (The loss due to the 5th-order Bessel low-
and the first order RC HPF is always included.) pass and the first order RC HPF is always included.)

received signal which is required for RZ-OOK or 4- o
PPM. In the case of DC-balance, the decision thresholt®] M. Wolf and M. Haardt, “Coding Limits for Short

is equal to zero because of the HPF at the receiver. Range Wireless Infrared Transmission,” 16th
Annual IEEE International Symposium on Per-

sonal Indoor Radio Communications (PIMRC’ 05),
6. CONCLUSION vol. 2, 2005, pp. 1065-1070.

In this paper, NRZ-OOK and the “IBM 8B10B code” is [3] J. R. Barry,Wreless Infrared Communications, 1.
proposed to be practically applied in the Gbps wireless  edition, Dordrecht, The Netherlands: Kluwer Aca-
IR transmission system considering the effect of a 5th-  demic Publishers Group, 1994.

order Bessel low-pass filter for noise rejection, a HPF

in order to mitigate the fluorescent light interference ad4] A. X. Widmer and P. A. Franaszek, “A DC-
well as the noise components of the preamplifier at the  Balanced, Partitioned-block, 8B/10B Transmission
receiver. The simulation results show the comparison Code,”IBM Journal of research and development,
between various modulation schemes in terms of power  vol. 27, Sept. 1983.

efficiency based on PIN-PDs and APDs. OOK based . ] ] )
modulation schemes offer a good compromise betweefp] T- V- Muoi,  “Receiver Design for High-Speed
power and bandwidth efficiency, whereas APDs pro-  Optical-Fiber Systems,” Journal of Lightwave
vide a 5 dB gain compared to PIN-PDs. Moreover, its  1echnology, vol. LT-2, no. 3, pp. 243-267, 1984.
implementation simplicity makes NRZ-OOK preferred [6]
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{7] j. G. ProakisDigital Communications, 3. edition,
ery due to sufficient transitions available. To conclude, = New York: McGraw-Hill, 1995.

a reasonable link budget can be observed by apply-

ing NRZ-OOK in concatenation with the “IBM 8B10B [8] J. Li, M. Wolf, and M. Haardt, “Investigation of the
code” in the Gbps wireless IR LOS communication. Baseline Wander Effect on Gbps Wireless Infrared
System Employing 8B10B Coding,” iimterna-
tional Conference on Telecommunications, 2009.

S. D. Personick, “Receiver Design for Optical
Fiber Systems,” Proc.of the |IEEE, vol. 65, pp.
1670-1678, 1977.
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Rs represents the symbol rate. Results of the convolution for white noise:
The PSD of white ang? noise is given as:

Dy () = 52 and b, () = 2 Pl o (F) % Pt (£) = Do () * Ptz (£)
Definition of the cosine subcarriet, (t) and the sine T2
subcarriermms(t) in the frequency domain:
Y Results of the convolution fof? noise:
2
Ml(f) = D : [6(f_Rs)+6(f+Rs)]
and (I)Nz,Nz(f)*q)Ml,Ml(f) = (I)Nz,Nz(f)*q)M2,M2(f)
N. 1
V2 =5 2% 56(f — R+ (f + Ryl
My(f) =37 —-[0(f+ Rs) —0(f — Rs)]
¥ AL T X LYY A
Calculated PSD of the cosine and the sine subcarrier: 4 4
N.
O,y () = M) = Buana () = Ma(PF =~ [ = 2Rsf + B34 £ 4 2Ref + (]
1 N. N.
:i'[(s(f—Rs)‘F(S(f‘FRs)] :22'f2+72-R§



