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An electrical multiplexing technique, namely Absolute Polar Duty Cycle Division Multiplexing
(AP-DCDM) is reported for high-speed optical fiber communication systems. It is demonstrated that
40 Gb/s (4 x 10 Gb/s) AP-DCDM system shows a clear advantage over conventional 40 Gb/s RZ-OOK with
50% duty cycle in terms of dispersion tolerance and spectral efficiency. At 40 Gb/s its tolerance to chro-
matic dispersion (CD) is 124 ps/nm and 194 ps/nm for the worst and the best user, respectively. These
values are higher than that of 40 Gb/s RZ-OOK, which is around 100 ps/nm. The spectral efficiency, recei-
ver sensitivity and OSNR for different number of channels are discussed. Comparison against other
modulation formats namely duobinary, Non-Return-to-Zero (NRZ)-OOK and RZ-Differential Quadrature
Phase-Shift Keying (RZ-DQPSK) at 40 Gb/s are made. It is shown that AP-DCDM has the best receiver
sensitivity (—32 dBm) and better CD tolerance (+200 ps/nm) than NRZ-OOK and RZ-DQPSK. In reference

to duobinary, AP-DCDM has better receiver sensitivity but worse dispersion tolerance.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Multiplexing is one of the fundamental necessities in today’s
digital communications, which allows multiple users to share the
bandwidth of the transmission medium. There are several multi-
plexing techniques available such as Time Division Multiplexing
(TDM) [1] and Wavelength Division Multiplexing (WDM) [2,3].
Many researchers have for some time, examined multilevel signal-
ing, e.g. AM-PSK polybinary, M-ary Amplitude-Shift-Keying (ASK)
and polyquaternary as a way of improving the system performance
against Chromatic Dispersion (CD) and Polarization mode disper-
sion (PMD) due to its reduced spectral occupancy [4]. The main is-
sues in those techniques are degradation in receiver sensitivity due
to the increased number of levels and the signal dependence on
signal-spontaneous beat noise [5]. At the same time Differential
Quadrature Phase-Shift Keying (DQPSK) [6] and Polarization Divi-
sion Multiplexing (PDM) [7] were proposed for realizing high
capacity WDM networks. However, both techniques increase the
complexity of the receiver by the introduction of the tempera-
ture-stabilized Mach-Zehnder Interferometer (MZI) and fast polar-
ization controller, respectively [7]. Pulse position modulation
(PPM) is another alternative for optical communication systems.
In PPM each symbol interval is partitioned into subintervals, or
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chips, and the transmitter sends an optical pulse during one of
these chips. In this system the amplitude and width of the signal
is kept constant. Position of each pulse, in relation to the position
of a recurrent reference pulse is varied. In comparison to On-0Off-
Keying (OOK), PPM requires less optical power but higher band-
width. Another challenge of this technique is that PPM requires
both chip- and symbol-level synchronization [8].

Absolute Polar Duty Cycle Division Multiplexing (AP-DCDM)
was reported for the first time in [9,10] as an alternative multiplex-
ing technique for wireless transmission based on free space prop-
agation model with Adaptive White Gaussian Noise (AWGN).

In this paper, AP-DCDM is modeled for optical fiber communi-
cation and characterized in dispersive optical transmission
medium. AP-DCDM uses different RZ duty cycles and bipolar sig-
naling to differentiate the channels. Subsequent users at the mul-
tiplexer input have opposite polarity, which results in unique
multilevel patterns at the output of the multiplexer. As compared
to unipolar input, by using bipolar signaling, the increment of the
multiplexed signal amplitude with reference to the number of
users is reduced. It is verified that AP-DCDM has smaller spectral
width, which leads toward better spectral efficiency and disper-
sion tolerance than conventional RZ-OOK with 50% duty cycle.
For simplicity throughout this paper, conventional RZ-OOK with
50% duty cycle is referred to as RZ-OOK. Performance of AP-DCDM
in comparison to other multilevel modulation formats is also
discussed.
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2. Working principle

AP-DCDM is a multiplexing technique that uses bipolar signal
with different duty cycles to differentiate the channels or users.
In this technique, each user transmits bit ‘0’ with zero volts and
for the case of bit one, the odd users transmit ‘+A’ volts while the
even users transmit ‘—A’ volts. Based on the linear distribution
(per user assignment) of duty cycle, the ith multiplexing user
transmits bit 1 within T; second, which is

Ti=ix (ni‘l) (1)

where T is the symbol duration and n is the number of users. There-
fore, different users share the communication medium to transmit
in the same time period and at the same carrier wavelength, but
with different duty cycles. The unique duty cycle for each channel
helps to regenerate data at the receiver [10]. Fig. 1 illustrates the
signal multiplexing process for a four user system. In Fig. 1a, 16 pos-
sible combinations of users’ data are shown, which is referred to as
Case 1 to Case 16. Fig. 1b—d shows the example of duty cycle distri-
bution for a four-user system for Case 6 to Case 11, where 20%, 40%,
60% and 80% duty cycles are used to represent User1 (U1), User2
(U2), User3 (U3) and User4 (U4), respectively. Note that the second
and fourth users have opposite polarity to the first user, and simi-
larly, the third user has opposite polarity relative to the second
and fourth users. Based on the 2" possible bits combination in
Fig. 1a, each of these combinations produces a unique symbol with
both positive and negative polarities (Fig. 1f). The process ends by
taking the absolute value of the signal in Fig. 1f to produce absolute
polar DCDM signal (Fig. 1g), which is a unique positive polarity
symbol for each case. Having the knowledge of this uniqueness at
the receiver side, the original data for each user can be recovered
[9,10]. The unique pattern of AP-DCDM signal has multilevel ampli-
tude. This is in contrast to PPM where position of each pulse, in rela-
tion to the position of a recurrent reference pulse, is varied while
the amplitude and width of the signal are kept constant.

Case |1 |2 |3 |4 S|6|7 |8 |9 |10 |11 |12 13|14 |15 16
User1jo |1 |o|1]Jo|1]0o]1]0Oo]1 0 1 0 1 0 1
(a) User2j/o |o |1 1|]ojo|]1 1j0}jo 1 1 0 0 1 1
User3|jojojojojrji1fj1f|1|o]oO 0 0 1 1 1 1
Userdjofojojojojofojof1]1 1 1 1 1 1 1
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Fig. 1. (a) Sixteen possible combination of bits for four users, (b) Example of U1
data stream (Case 6 to 11), (c) Example of U2 data stream, (d) Example of U3 data
stream, (e) Example of U4 data stream (f) Bipolar multiplexed signal, and (g)
Absolute polar multiplexed signal.

3. Implementation issues

Table 5 shows the requirement comparison between different
modulation formats. AP-DCDM like NRZ-OOK requires only one
Modulator and one photodiode (PD) for n number of users at the
transmitter and the receiver side, respectively. This is very eco-
nomical in comparison to other modulation formats such as NRZ-
DPSK, which require one Delay Interferometer (DI) and two PDs
at the receiver [11], or RZ-DQPSK which requires two Mach-Zehn-
der Modulators (MZM) at the transmitter, and two DIs together
with four PDs at the receiver [11] or duobinary which require
one dual-arm MZM modulator including driver amplifier for each
modulator arm at the transmitter and one PD in the receiver
[11]. Referring to the AP-DCDM data recovery concept, one may ar-
gue that the complexity of AP-DCDM receiver is higher than other
systems. However, the complexity is due to additional electronics
components and devices, the solutions of which are available in
term of technology and experts [12-15]. Work on technologies as-
pect for 40 Gb/s Integrated Circuit (IC) has now reached the stage
where cost-effective commercial products are being developed
[12-14]. For the device technology, InP-based high electron mobil-
ity transistors (HEMT) ICs are a promising candidate for realizing
high-speed ICs beyond 40 Gb/s [13-15]. At transmitter side, major
components required by AP-DCDM such as NRZ to RZ converter
[15] and full wave rectifier [13] that operates up to 50 Gb/s have
been introduced in recent years. In terms of clock recovery, the
electrical spectrum of 40 Gb/s AP-DCDM has a transition at every
10 GHz as depicted in Fig. 2, which makes the clock extraction from
high-speed serial data stream possible.

4. Simulation setup

In this study OptiSystem and MATLAB were used to access the
system performance. The performance evaluation of the system
is based on Bit Error Rate (BER), which is described in Section 5.
Fig. 3a shows the simulation setup. Datal, Data2, Data3 and Data4

Power (dBm)
e .

-30

.40

0 106G 206 306G 40G S0G
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Fig. 2. Transitions at every 10 GHz which was used as frequency reference for clock
recovery.
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Fig. 3. (a) AP-DCDM simulation setup for multiplexing four users, (b) transmitted eye diagram including sampling points and threshold values.
each at 10 Gb/s with PRBS 2'° — 1 are carved with four electrical RZ ~ Table 1
pulse carvers at 1/5, 2/5, 3/5 and 4/5 T, duty cycles, respectively. Data recovery rules for U1.
The voltages for all users at the multiplexer input are identical. No. Rules
All users’ dgta are rr}ultiple).(ed via a power combiner (electrice}l ad— 1 if (S, < thry) & (S, < thry) then Ul =0
der) resulting in a bipolar signal. Subsequently, the absolute circuit 2 if (S; > thry) & (S, > thry) then U1 =0
is used to produce an absolute polar signal. The signals are used to 3 if (S1 > thry) & (Sy > thry) then U1 =0
modulate a laser diode (LD), which operates at 1550 nm wave- ;‘ T? gl fﬂ:’";) zgz 1”;;1)) g}‘e“ g} =}
i i i i 1 (51 ] 2 = thry en =

length using an amplltgde modul.atlo.n (AM). The eye dliagrarril of s (S, > thry) & (thr, < S, < thry) then U1 =1
the modulator output is shown in Fig. 3b. At the receiver side, 7 if (S; > thry) & (Ss > thry) then U1 =1

the optical signal is detected by a photodiode and passed through
a low-pass filter (LPF) and a Clock-and-Data-Recovery (CDR) unit.
The bandwidth of the Gaussian low-pass filter is required to be
appropriately optimized in reference to the signal pulse width.
Fig. 4 shows back-to-back receiver sensitivity as a function of elec-
trical filter bandwidth. Filter bandwidths ranging from 23 to
31 GHz yielded almost the same receiver sensitivity for 40 Gb/s
AP-DCDM signal. Thus, the electrical filter bandwidth was fixed
to 25 GHz in the following experiment, for eliminating the photo-
diode noises.

In the CDR unit, the received signal is fed into the sampling cir-
cuit. The samples are taken at four sampling points of Sy, S,, S5 and
S4 at the first four slots in every symbol (Fig. 3b). Outputs of the
sampling circuit are fed into the decision and regeneration unit.
In this unit, the sampled values are compared against two thresh-
old values of, thr; and thr, (Fig. 3b) and the decision is performed
based on the operation shown in Tables 1-4. These tables contain
the regeneration rules for a four-user system that the data recovery
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Fig. 4. Receiver sensitivity as a function of electrical filter bandwidth.

unit uses to regenerate original data for each user. For example, for
U1, binary 0 is regenerated when sampling values at S; and S, are
less than thr; (Table 1 rule 1). Binary 1 is regenerated when sam-
pled amplitude at S; is equal or greater than thr;, while amplitude
at S, is less than thry (Table 1 rule 4).

5. BER estimation

As discussed in [16], a technique for BER estimation, which is
also referred to as Probability of Error (PE) estimation is developed
for each AP-DCDM multiplexed user, based on the data recovery
rules. In the case of four users, referring to Fig. 3b the multilevel
signal plus noise at the receiver input produces a multilevel analog
waveform at the output of the processing circuit denoted as

roo(t), 0<t<T forlevel O
ro(t) =< roi(t), 0<t<T forlevel 1 2)
re2(t), 0<t<T for level 2

where ry(t) is a random variable that has continuous distribution.
For simplicity throughout this paper, ro(t) is referred to as ro. Let
us assume that we can evaluate the Probability Density Functions
(PDFs) for the three random variables rg =rgg, o =01 and ro=ro>
in all four sampling points (S;, S, S3 and S4). The PDFs are actually

Table 2

Data recovery rules for U2.

No. Rules

1 if (Sy < thry) & (S3 < thry) then U2=0
2 if (thr; < S; < thrp) & (S3 > thry) then U2 =0
3 if (Sy > thry) & (thry < S < thry) then U2 =1
4 if (S = thry) & (S3 < thry) then U2 =1
5 if (S < thry) & (S3 > thry) then U2 =1
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Table 3

Data recovery rules for U3.

No. Rules

1 if (S3 < thry) & (S4 < thry) then U3 =0
2 if (S5 > thry) & (S4 = thry) then U3 =0
3 if (S3 > thry) & (S4 < thry) then U3 =1
4 if (S3 < thry) & (S4 = thry) then U3 =1
Table 4

Data recovery rules for U4.

No. Rules

1 if (S4 < thry) then U4=0
2 if (S4 > thry) then U4 =1

conditional PDFs since they depend, respectively, on the level 0, le-
vel 1 or level 2 being transmitted. That is, when rq = rgg, at the sam-
pling point Sy, the PDF is f{ros;| Level 0 sent), and when rq = 1oy, the
PDF is f(ros,| Level 1 sent), and when ry = roy, the PDF is f{rgs;| Level
2 sent). In sampling point S,, PDFs are f(ros,| Level 2 sent), f(ros;|
Level 1 sent) and f(ros,| Level O sent) when level two, one and zero
are sent, respectively. Similarly for sampling point S3 the PDFs are
fiross| Level 1 sent) and f{ross| Level 0 sent) for level one and zero,
respectively, and in sampling point S, the PDFs are f(ros4| Level 1
sent) and f{ros4| Level O sent) when level one and zero are sent,
respectively. These conditional PDFs are shown in Fig. 5. For illus-
tration purposes, Gaussian shapes are illustrated. In the develop-
ment of the BER formula, it is assumed that the polarity of the
processing circuits of the receiver is such that if only signal (no
noise) were presented at the receiver input ry > Vo when level 2
is sent; Vi < 1o < Vi when level 1 is sent; and ry < Viy,,q when le-
vel 0 is sent; where V1 and Vip,,o are the thresholds (voltage) of the

f(ro‘gl[ Level 2 sent)

;l/" A

comparator inside the decision circuit. More details on BER calcula-
tion for AP-DCDM can be found in [16].

6. Results and discussions

Comparing the optical spectral width at the same aggregate bit
rate of 40 Gb/s between RZ (50% duty cycle) without AP-DCDM and
RZ over 4, 5 and 6 channels AP-DCDM shows a great spectral width
reduction for the later technique. As shown in Fig. 6, considering
the null-to-null bandwidth, the spectral width of 40 Gb/s RZ with-
out AP-DCDM is around 160 GHz, which can offer a spectral effi-
ciency of 0.25 b/s/Hz. Whereas when RZ data are carried over 4,
5 and 6 AP-DCDM channels, the spectral width is, respectively, re-
duced to 100 GHz (37.5% reduction with minimum spectral effi-
ciency of 0.4b/s/Hz), 96 GHz (40% reduction with minimum
spectral efficiency of 0.41 b/s/Hz) and 93.3 GHz (around 41.69%
reduction with minimum spectral efficiency of 0.42 b/s/Hz). This
is because AP-DCDM divides the symbol to n + 1 slots (considering
1 slot for guard band), where n is the number of channels. Thus it
requires a null-to-null spectral width of 2 x [(n + 1) x single chan-
nel bit rate], whereas RZ-OOK requires 2 x (2 x aggregate bit rate).
This amount of saving in the spectral width is a significant achieve-
ment, which leads to better spectral efficiency and tolerance to
chromatic dispersion. High signal spectrum density approaching
the Nyquist limit (1/bit/s/Hz) [17] can be easily achieved in
AP-DCDM over DWDM systems by considering the state of art of
optical filters.

Fig. 7 shows the effect of number of channels (2, 3, 4, 5 and 6
channels) on receiver sensitivity and OSNR for the worst and best
channels of AP-DCDM while the aggregate bitrate is fixed at 40 Gb/
s. By increasing the number of channels from 2 to 6 the receiver
sensitivity changes from —32 to —22.5 dBm for the worst channel
and —32.5 to —29.5 dBm for the best channel. This degradation
in receiver sensitivity is due to the increase in the number of levels
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Fig. 5. Error probability for AP-DCDM.
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(i.e. 2 levels for 2 channels to 4 levels in 6 channels), and the frag-
mentation of main eyes to the smaller eyes (Fig. 7). Consequently
the required OSNR also changes from 19.78 to 30.5 dB for the worst
channel, and from 19.58 to 23.6 dB for the best channel. Note that
in two-user system the performance of worst and best channels is
very close to each other due to similar impairment experienced by
both eyes as shown by the eye diagram in Fig. 7b. For comparison
against NRZ-OOK we have modeled single channel 40 Gb/s NRZ-
OOK transmission system. The calculated receiver sensitivity is
around —29.5 dBm, which is in agreement with the reported result
in [18]. Comparing the receiver sensitivity between 40 Gb/s NRZ-
OOK and a worst channel AP-DCDM, the later technique shows
around 2.65 dB penalty and 2.5 dB improvement for the four-user
(4 x 10 Gb/s) and two-user (2 x 20 Gb/s) systems, respectively.

Fig. 8 shows the CD tolerances for 40 Gb/s RZ-OOK and 40 Gb/s
(4 x 10 Gb/s) AP-DCDM. Using AP-DCDM, all users show almost
similar behavior of positive and negative CD. U1 has the dispersion
tolerance of +67 ps/nm; U2 and U3 have the same ability to toler-
ate CD of 62 ps/nm while U4 has the dispersion tolerance of
£97 ps/nm at the BER of 10~°. For 40 Gb/s RZ-OOK, dispersion tol-
erance is around =50 ps/nm. This result shows that 40 Gb/s RZ-
OOK over AP-DCDM is more robust to dispersion in comparison
to 40 Gb/s conventional RZ-OOK. This is because of the smaller
spectral width of the former technique. In comparison to 40 Gb/s
NRZ-0OOK, the dispersion tolerance of which has been reported as
108 ps/nm (+54 ps/nm) [11], the worst and the best AP-DCDM
channels show 16 and 86 ps/nm improvements, respectively.

The power penalty experienced as a result of the dispersion is
shown in Fig. 9. At the BER of 10~°, by increasing the dispersion
from 37 to 50 ps/nm, the penalty of around 1.06 dB is experienced
by the 40 Gb/s AP-DCDM as compared to 5.5 dB penalty in 40 Gb/s
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Fig. 8. Chromatic dispersion tolerance comparison between AP-DCDM and RZ-OOK at the same transmission power.

conventional RZ-OOK system. Example of eye diagrams for AP-
DCDM and RZ-OO0K is shown in Fig. 10. These eye diagrams corre-
spond to BER of 10~°. At a system dispersion of 50 ps/nm, both the
time jitter and eye closure in the RZ-OOK case necessitate the
increase in power. The performance degradation is mainly due to
inter-symbol-interference (ISI). In the AP-DCDM all four eyes
remain well structured as in the dispersion of 37 ps/nm case.
Noting also that the thresholds, indicated as horizontal lines re-
main virtually unchanged in the AP-DCDM case, as opposed to
the RZ-OOK case where the strong CD shifts the optimum thresh-
old upwards [4].

7. Comparison against other techniques

In order to compare AP-DCDM system against modulation for-
mats that carry 2 bit/symbol such as RZ-DQPSK (2 x 20 Gb/s) and
duobinary (2 x 20 Gb/s), we have modeled a 2 x 20 Gb/s AP-DCDM
system. The calculated sensitivity at BER of 10° is —32 dBm and
the CD tolerance is +200 ps/nm. Table 5 shows and compares the
performance of the different modulation formats at aggregate bi-
trate of 40 Gb/s. Note that the experimentally obtained values for
receiver sensitivity may differ a little bit from the numbers given
in Table 5 due to various optical and electrical hardwares as well
as different extinction ratios of modulators used in different exper-

iments. The calculated sensitivity of NRZ-OOK at 40 Gb/s is around
—29.5 dBm with CD tolerance of ~ + 54 ps/nm [11,18]. The CD tol-
erance of duobinary is better than that of the proposed AP-DCDM,
however, it has worst performance in terms of receiver sensitivity
[11,19]. The sensitivity of 40 Gb/s RZ-DQPSK is reported as
—25dBm [20] with positive CD tolerance of up to 161 ps/nm
[11]. It can be concluded that two channels AP-DCDM has the best
receiver sensitivity as compared to NRZ-OOK, duobinary and
RZ-DQPSK. In terms of CD tolerance AP-DCDM outperforms
NRZ-O0K and RZ-DQPSK, but is still inferior to duobinary.

8. Conclusion

Performance of AP-DCDM with different numbers of channels at
aggregate bitrate of 40 Gb/s is evaluated. At 40 Gb/s, the results
show a clear advantage of the proposed AP-DCDM technique over
RZ-0O0K in terms of spectral width and dispersion tolerance. Using
this electrical multiplexing/demultiplexing technique, more than
two users can be carried over the same WDM channel. Conse-
quently, the capacity utilization of the WDM channels can be
increased tremendously at tolerable penalty. It is concluded that
at 40 Gb/s (2 x 20 Gb/s) AP-DCDM has better receiver sensitivity
and CD tolerance than conventional NRZ-OOK and RZ-DQPSK.
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Table 5

Comparison between different systems at 40 Gb/s.

Modulation format TX complexity RX complexity Sensitivity (dBm) Positive CD tolerance (ps/nm) Ref.

NRZ-OOK 1-MZM 1PD ~—29.5 ~54 ps/nm [18,11]

Duobinary 1 dual-arm MZM + duobinary filter + driver 1PD -28 ~211 ps/nm [19,11]
amplifier for each modulator arm

RZ-DQPSK 2 MZMs + 1 PC 2 DIs +4 PDs =25 ~161 ps/nm [20,11]

2 Channel AP-DCDM (worst user) 1 MZM 1PD -32 ~200 ps/nm —
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