
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

1 

 

Abstract— A bandwidth limited DFB laser directly phase 

modulated with a 5Gb/s DQPSK signal is demonstrated in a 

statistical UDWDM-PON.  Optical DQPSK modulation was 

achieved by simply equalizing a 4-level waveform. An intradyne 

receiver based on a 120º optical hybrid with straightforward 

differential decoding processing was used to detect and recover 

the data attaining a sensitivity of -38dBm at BER=10-3. Negligible 

penalty was observed when adding a second user at 5GHz 

channel separation. 

Index Terms— DFB, direct phase modulation, DQPSK, passive 

optical networks, UDWDM  

 

I. INTRODUCTION 

FTER the decision of the full service access network 

(FSAN) committee for a time and wavelength division 

multiplexing (TWDM) as the second stage of the next 

generation passive optical networks (NG-PON2) standard, 

ultra-dense WDM (UDWDM) appears as a candidate for 

upcoming access network generations [1-3]. Though coherent 

UDWDM offers high sensitivity and coexistence with current 

PON deployments, the potential high cost and device 

complexity has limited its attractiveness to operators.  

In order to simplify the transmitter (Tx), direct phase 

modulation has been proposed as an alternative. In [4], an 

optical differential phase shift keying (DPSK) modulation of a 

distributed feedback (DFB) laser was reported with direct 

detection. Similarly, in [5] a direct phase modulated DFB with 

DPSK data was proposed for optical network unit (ONU) Tx 

and detected with a heterodyne receiver (Rx). 

 Service providers are also interested in offering diverse 

services to heterogeneous users with different bit rates within 

the access networks [2, 6]. The terminals, however, are 

geographically spread from the central office causing 

dissimilar power budgets. In addition, the bandwidth (BW) 

could be allocated dynamically depending on the individual 

needs in time and available spectrum. To further increase the 

flexibility of the network, advanced modulation formats have 

to be adopted [3]. Some experiments with multilevel signal 

generation without optical modulators have been published. In 

[7] a chirp-managed distributed-Bragg-reflector (DBR) was 
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proposed, whereas in [8] optical injection locking was used. 

However, the first solution required an optical spectrum 

reshaper filter and the second, a master and slave lasers, 

turning complex the Tx and its application for an ONU. 

 In this paper we report a directly phase modulated DFB with 

differential quadrature phase shift keying (DQPSK). The 

technique maps a four-level signal into 90º difference phases 

and is proposed as a cost-efficient Tx for ONUs. Experimental 

results at 2.5 Gb/s and 5 Gb/s are presented with a 2 GHz 

limited BW DFB and an intradyne Rx based on a 120º hybrid. 

The system hardware is identical to that of DPSK with the 

exception of the differential coder and modulation mapping. 

Since these functions can be potentially configured digitally by 

software, the modulation format can be adapted during the 

registration process or layer 2 protocols according to the user 

bit rate requirement, power budget and available spectrum for 

flexible BW allocation. 

II. EXPERIMENTAL SETUP 

Fig. 1 depicts a diagram of the experimental setup. In order 

to simplify the systems, we used different wavelengths for 

upstream and downstream. Two independent sequences of 2
18

 

bits each were the inputs of a DQPSK coder. The codified bits 

were then mapped to a four-level signal. DPSK data were also 

generated by differentially codifying one of the bit strings. A 

separate symbol stream was also generated for a second user. 

The signals were uploaded to the two channels of an arbitrary 

waveform generator (AWG) and electrically amplified. Then 

they directly modulate two equalized DFB lasers 

(λ1=1549.3nm and λ2=1549.4nm). The high pass equalization 

(based on an RC network), in the DFBs converted the 

adiabatic frequency modulation into phase modulation [5]. The 

result was a signal with either 0º and 180º variations (DPSK) 

or 0º, 90º, 180º, 270º phases (DQPSK). The ONUs had DFB 

lasers with 4 MHz linewidth whose wavelength was tuned 

through temperature for flexible grid operation [1]. The optical 

signals from the ONUs were joined with a 3 dB coupler and 

sent through single mode fiber (SMF) with 0 dBm total 

launched power. At the end of the link a variable optical 

attenuator (VOA) adjusted the received power. 

The optical line terminal (OLT) Rx consisted of a 3x3 120º 

optical coupler which mixed the optical data signal with a 

local oscillator (LO) emitting at the same wavelength as the Tx 

laser of ONU1 (λ1). We used as LO an external cavity laser 

(ECL) with 100 kHz linewidth mainly to avoid strong 
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variations in the wavelength but also to keep the total 

linewidth close to 4 MHz. The output power of the LO was set 

at its maximum of 0.5 dBm. A polarization controller (PC) 

was used to compensate the fluctuations of the state of 

polarization (SOP) produced in the fiber. Polarization 

independency can be obtained with a simple technique like the 

one demonstrated in [9]. The three outputs of the optical 

coupler were detected with 10 GHz photodiodes (PD) 

followed by low-noise electrical amplifiers. A 50 GSa real-

time oscilloscope then sampled and processed the electrical 

signals computing the in-phase (I) and quadrature (Q) 

components following the equations of [10]. The obtained 

complex samples were multiplied with the complex conjugate 

of the previous symbol for differential decoding. Afterwards, 

they passed through a 4th order low-pass filter (LPF) with 

cutoff frequency at 90% of the signal BW. The symbols were 

then de-mapped and the bit error rate (BER) was computed. It 

is important to highlight that the same Rx was employed for 

both DPSK and DQPSK. 

III. RESULTS 

Firstly, the system was tested in back-to-back (btb) with 

DQPSK at 2.5 Gb/s. Initially, the channel spacing between 

ONUs in upstream was set at 12.5 GHz. The Tx electrical 

signal amplitude was tuned to get the desired phase changes 

and diminish the residual amplitude modulation (AMres) as in 

[5]. The results of BER against the OLT Rx optical input 

power are plotted in Fig. 2. At a pre forward error correction 

(FEC) limit of BER=10
-3

, the measured Rx sensitivity with 

DQPSK was approximately -41 dBm. Although the signal was 

detected properly, there was a BER floor approaching 

BER=2·10
-4

. There were two causes for this effect: the AMres 

added to the detected signal and the phase noise which was not 

fully compensated as can be seen in the constellation inset of 

Fig. 2.  

 
Fig. 2. BER against Rx power for DPSK (1.25 Gb/s, 2.5 Gb/s) and 

DQPSK (2.5Gb/s) signals. The insets show the AMres for (i) 1.25 Gb/s DPSK, 

and (ii) 2.5 Gb/s DQPSK. 

For comparison, the graphs of DPSK signal transmission are 

also included in Fig. 2. At BER=10
-3

 the Rx sensitivities were 

-51 dBm and -46 dBm for 1.25 Gb/s and 2.5 Gb/s DPSK 

respectively. At the same symbol rate, with negligible phase 

noise the power penalty should be limited to 3 dB [11]. In our 

case, however, no phase estimation was carried out and hence, 

phase noise limited the performance of DQPSK since its 

tolerance to such impairment is about six times less than for 

DPSK [12]. As a result, the laser linewidth requirements are 

 
 

Fig. 1. Experimental setup schematics; (i) electrical spectrum of the Rx signal comprising the two ONUs with the LO emitting at λ1, (ii) eye diagram of the 4-

level mapped Tx signal for DQPSK, (iii) eye diagram of the 2-level mapped Tx signal for DPSK (iv) constellation of the Rx signal from ONU1 before 

decodification, (v) ONU1 Rx decodified constellation for DQPSK. 
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more stringent for DQPSK. In addition, the amplitude of the 

four-level modulating signal for DQPSK was 1.5 times higher 

than the binary one for DPSK to achieve the proper phase 

shifts as observed in insets (i)-(ii) of Fig. 1. The result was that 

the peak-to-peak voltage (Vp-p) of the AMres generated by 

direct modulating the DFB was stronger for DPQSK (Vp-

p=32.2 mV) than DPSK (Vp-p=21.04 mW), and consequently, 

increased the noise in the Rx DQPSK signal (insets in fig. 2). 

External modulation with a dual mach-zehnder modulator 

(MZM) would diminish the AMres and improve the 

performance by at least 2dB as with DPSK format [5]. 

ONU2 laser wavelength was then tuned for evaluating the 

minimal spectral separation needed. Both ONUs operated at 

2.5 Gb/s. The LO in OLT Rx was adjusted to detect ONU1 (λ1) 

which was fixed and the effect of neighbor channels (lower 

and upper) was measured at a constant Rx optical power of -39 

dBm. We varied λ2 from λ1-0.08 nm to λ1+0.08 nm by thermal 

tuning. The BER against the channel separation is plotted in 

Fig. 3 for both modulation formats. For DQPSK, the minimum 

frequency spacing to keep the penalty <1 dB was as low as 5 

GHz. On the other hand, for the same bit rate, with DPSK 

modulation a spectral separation of 8.75 GHz was needed. 

Although the spectral efficiency was enough for our 

experiment, it could be enhanced by employing pulse shaping 

techniques [2]. 

 
Fig. 3. BER against channel separation for 1.25 Gb/s DPSK and 2.5 Gb/s 

DQPSK modulated signals. The insets show the optical spectrum transmitted 

in the fiber link. 

Having verified the proper detection of the signals, the 

system was tested with a fiber link as long as 100 km. Both 

ONUs were modulated with 2.5 Gb/s DQPSK data and their 

output power was limited to 0 dBm. The channel spacing was 

set to 6.25 GHz. The BER against the OLT Rx optical power 

of ONU1 is presented in Fig. 4. For this measurement, only the 

central sample was considered for symbol decision after data 

processing. At BER=10
-3

 the Rx sensitivity in btb was of –41 

dBm, identical to the value obtained with 12.5 GHz spectral 

separation. The power penalties for fiber lengths of 50 km, 75 

km, and 100 km with respect to btb were 1.3 dB, 1.5 dB, and 2 

dB respectively. There were two effects that caused these 

penalties. First, the polarization was not totally controlled and 

required continuous adjustment. Second, the emission 

frequency of the DFB and LO lasers was fluctuating around 

±100 MHz. The electrical signal modulating the DFB needed 

high power to produce the required phase shifts. This 

produced instantaneous changes in the temperature of the laser 

which caused wavelength drifts [13]. Since there was no 

frequency offset estimation these drifts produced around 1dB 

penalty [14]. Non-linear and dispersive effects were negligible 

in this experiment. 

 
Fig. 4. BER against Rx power of 2.5 Gb/s DQPSK signal with several 

fiber lengths. 

 

At 100 km fiber distance, the Rx sensitivity for BER=10
-3

 

was -39 dBm with 2.5 Gb/s DQPSK modulation data. The 

launched power was 0 dBm, hence the loss budget was 39 dB. 

Considering a fiber attenuation of 0.25 dB/km and a power 

splitter based network, the PON could serve 16 users over 100 

km fiber link. 

Since the DPSK signal could be detected suitably at 2.5 

Gb/s (Fig. 2), we also tested the DQPSK transmission at that 

symbol rate, i.e. bit rate of 5 Gb/s.  In order to avoid channel 

interference, we doubled the spectral separation between 

ONUs to 12.5 GHz. We simply inferred this value from the 

results of fig. 3. The BER against the OLT Rx power for 5 

Gb/s DQPSK is shown in Fig. 5 with several fiber lengths. In 

this case, we considered three samples for symbol decision. 

This was the reason for the slightly lower BER floor appearing 

in Fig. 5 compared with Fig. 4. 

The measured Rx sensitivity at BER=10
-3

 was -38 dBm in 

btb. Remarkably, this value was just 3 dB worse than the 2.5 

Gb/s signal in btb. The penalty when transmitting through 50 

km, 75 km, and 100 km of fiber was 1.2 dB, 1.8 dB, and 2.4 

dB respectively. These values were similar to those previously 

obtained with 2.5 Gb/s DQPSK. For 100 km fiber link at 

BER=10
-3

 the loss budget was 36 dB with launched power of 0 

dBm. Hence, considering the same fiber loss as before, with 5 

Gb/s DQPSK modulation, the PON could provide service to 8 

users in a 100 km fiber link. 

For comparison, a single channel with 5 Gb/s DPSK data at 

btb was also measured. The performance of the DSPK signal 

was limited due to the restrained BW of the DFB laser, closing 
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the eye diagram in the Rx. As seen in Fig. 5, the BER was 

above the FEC threshold and presented a floor around 2·10
-2

. 

Thus, if a user requests a bit rate of 5 Gb/s and complies as 

within the loss budget margin, then it could transmit with 

DQPSK. The pre-coder and demapping should be updated, 

which could be potentially done by software through layer-2 

protocols or during the registration process. 

 
Fig. 5. BER against Rx power of DQPSK signal with several fiber lengths at a 

bit rate of 5 Gb/s. The dotted curve and eye-diagram corresponds to 5 Gb/s 

DPSK. 

Finally, a phase estimation stage based on Viterbi-Viterbi 

algorithm was tested [15]. The phase estimate was computed 

by averaging 5 samples, unwrapped and then it was subtracted 

from the measured phase. As observed in Fig. 6, the phase 

compensation was effective and removed most of the 

accumulated phase noise producing a clearer constellation. 

The performance was thus improved reaching BER values 

below the floor that appeared in previous measurements. This 

phase compensation stage could lower the laser linewidth 

requirement; however, it adds complexity and thus increases 

the cost of the Rx. 

 
Fig. 6. BER against Rx power of DQPSK signal with and without phase 

compensation stage. The constellation diagrams correspond to Rx power of -

36 dBm with (right) and without (left) phase compensation. 

 

IV. CONCLUSIONS 

The first DQPSK direct phase modulated DFB laser was 

demonstrated. The signal was properly detected by means of a 

120º hybrid based coherent Rx. Bit rates of 1.25 Gbaud/s and 

2.5 Gbaud/s were measured with Rx sensitivities of -41 dBm 

and -38 dBm and channel separation of 6.25 GHz and 12.5 

GHz respectively. The system was tested with fiber lengths of 

up to 100 km and a maximum penalty of 3 dB penalty was 

noticed compared with btb. With DQPSK we were able to 

transmit at 5 Gb/s which was not possible with DPSK due to 

the laser BW. As the OLT Rx front-end was identical to the 

DPSK case, the modulation format can potentially be selected 

through software depending on the user needs in an UDWDM 

PON. 
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