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Overview

40 Gbps transport solutions have been gaining momentum and are now commercially available from all leading equipment suppliers. However, solutions with 10 Gbps per optical channel are still considered the standard of choice for metro and long-haul DWDM networks. 

The introduction of core routers with an uplink capacity of 40 Gbps has been followed by the need for interconnection solutions in the metro and long-haul layers. The cost of 40G network solutions is decreasing and beginning to challenge their 10G solution equivalents. Past experience shows that it is only a matter of time until higher data rates take over. 

With traffic demand expected to grow, many operators have already invested in 10G systems that can easily be upgraded to or support 40G channels. However, there is still no consensus about 40G taking over and being universally adopted. Many voices in the industry advocate moving directly from 10G solutions to the more challenging 100 Gbps technology. 

This debate is reflected in the recent decision of the IEEE 802.3 study group: Adopting both 40G and 100G Ethernet data rates.  

Today's technology for commercial 100 Gbps solutions is still immature. Therefore this paper focuses on 40 Gbps transmission solutions.

Introduction

40G services and 40 Gbps networks are already in various phases of deployment, mainly in North America and Europe. The questions that arose regarding the feasibility of 40G transmission a few years ago have matured to case analysis of specific instances. 

However, network operators are still questioning the viability of 40G transport networks, especially in cases of long-haul networks and older fiber infrastructure.

Most operators prefer to migrate to 40G technology gradually. Since a new build-out of a complete 40G network is costly, the most common alternative is to add 40G channels over an existing 10G network. However, in most cases, such networks need to be analyzed and designed in advance in order to ensure future 40G addition of channels. In some cases, new 40G services can be added to a 10G network that was not necessarily designed to support 40G channels. This is possible for 40G transmission technologies with superior OSNR tolerance, dispersion tolerance, and higher nonlinearity thresholds.

This paper explains the market drivers for high-speed metro and LH networks. The key technologies and technical challenges of 40G transmission are examined, and ECI's solution is presented. Moreover, we show our 40G network solution with the most flexible ROADM nodes.

Market Drivers for High-Speed Metro and Long-Haul Systems

Internet and Data Growth 

Internet traffic has been growing annually at double-digit percent rates or higher. Most of this growth is due to the growing demand for high-bandwidth services in both the business and residential sectors: video files, photo sharing, music broadcast and sharing, Internet browsing, data exchange, and file backups. These services, and especially video, are posing greater challenges for service providers. 

Support for the New Generation of IP Core Routers

The introduction of 40 Gbps uplink ports in core routers from the leading vendors has created a need for transport solutions capable of operating at 40 Gbps. Annual sales of such routers are quickly increasing from hundreds to thousands.

Pressure to Reduce Transmission Costs: CAPEX and OPEX

The competition between carriers causes a steady increase in the capacity provided to customers. Network operators are under constant pressure to reduce transport costs. Historically, the transition from 622M to 2.5G and later from 2.5G to 10G resulted in a substantial reduction in the cost of transport per bit. The rule of thumb has been: a four-fold data rate increase at 2½ times the price of transponder cards. The same is expected to occur in the transition from 10G to 40 and 100 Gbps.

Additional benefits of higher-speed transmission cards include less power consumption, less space, and fewer cards. These benefits not only influence the capital expenditure, but are also evident in the daily operational expenditures.

Need to Relieve High-Capacity Bottlenecks

In some networks, traffic is nearly approaching full capacity. Given the rapid growth in bandwidth consumption, many other networks may also be getting close to their limits. New services carried over 40G channels are more efficient than those over 10G. In the case of efficient 40G transmission technology that consumes relatively little bandwidth, these channels can be multiplexed in a 50 GHz WDM grid resulting in a four‑fold efficiency increase when compared to 10 Gbps with 50 GHz spacing.

100 Gbps on the Horizon 

Looking ahead, with IP/WDM networks expected to take over, services carried by 100 Gbps channels are going to be the ultimate high-speed solution for the next decade. 100 Gbps technologies are now being discussed in standardization forums. Currently the commercial availability of some 100 Gbps key components is lagging behind and it is expected to be a number of years before this is resolved.

40G Transmission Technologies and Obstacles

Optical Signal to Noise Ratio (OSNR) Tolerance

The spectral bandwidth of 40G signals is four times the bandwidth of 10G signals when both use the same modulation scheme. The broader passband of the 40G receiver collects four times the noise of a standard 10G receiver and therefore the sensitivity is reduced by 6 dB. 

The OSNR that a 40G transponder can tolerate is 6 dB higher compared to a 10G transponder that uses the same modulation scheme. The G.709 standard includes Forward Error Correction (FEC), which improves the OSNR tolerance of transponders by 5.4 dB (coding gain). Enhanced FEC (EFEC) methods offer even better coding gains.  

Some modulation schemes, like DPSK, are better than others in terms of OSNR tolerance. Such modulation schemes combined with effective EFEC introduce an OSNR tolerance comparable to common 10G transponders.  

Transmission Impairments 

Chromatic Dispersion

The development of dispersion compensation modules (DCMs) has solved the chromatic dispersion problem. However, one must consider the following issues when moving to 40 Gbps line rates:

· When moving from 10G to 40G signals, the sensitivity against chromatic dispersion increases by a factor of 16; therefore the dispersion compensation at 40G must be very accurate.

· Compensation using DCMs adds more insertion loss to the network. A 40G network is therefore expected to include more optical amplifiers.
Some modulation methods are better than others in tolerating chromatic dispersion, especially the duo-binary modulation scheme. However, the duo-binary scheme has poor OSNR tolerance. Another approach is to use tunable dispersion compensators (TDC).

Polarization Mode Dispersion

Polarization Mode Dispersion (PMD) occurs when the two different polarizations of the transmitted light propagate through the fiber at different velocities. The effect is caused by one or more of the following: geometrical asymmetries, mechanical stress, temperature changes, and fiber movement. In addition, some of the optical components of DWDM systems contribute to the PMD of the network. The nature of PMD is partially constant, partially random, and partially periodic. It is therefore harder to handle than chromatic dispersion.

The impact of PMD on 40G channels is substantially higher than it is on 10G channels. In fact, PMD in 40G networks is sometimes the main limiting factor and may restrict the transmission reach.

Fibers that were installed before 1995 may have high PMD values - exceeding 0.5 ps/km1/2. For most 40G transmission schemes, this imposes a reach limit of a few tens of kilometers. For new fibers the PMD is less than 0.1 ps/km1/2 and the PMD reach limit exceeds 1000 km.

Some modulation schemes, especially QDPSK, are superior in tolerating PMD. However, QDPSK is not yet commercially available, and in the case of old fibers, the preferred solution is PMD compensators. The random changes in the polarization state of the optical signal are slow, with time constants of a few msec to hours. For this reason, PMD compensators can act fast enough to compensate for the polarization changes and practically solve the PMD problem. 

Comparison of Modulation Schemes

NRZ (Non Return to Zero)

The NRZ modulation scheme has been the most common format for optical signal transmission. It is a very basic modulation technique where light is simply switched on and off according to the binary information. Although simple to implement, the choice of NRZ for 40G transmission has a number of drawbacks. These are: 

· Poor noise tolerance.

· Poor bandwidth efficiency – in fact, it cannot be used in a DWDM network with 50 GHz channel spacing.

· Mid-level dispersion tolerance.

For reasons of simplicity and cost, NRZ is a good choice for intra-office or short reach applications. In fact, currently available 40G core routers offer uplink connection of STM-256c with NRZ modulation. 

PSBT (Phase Shaped Binary Transmission or Duo-binary) 
PSBT, also called duo-binary modulation, alters the phase and the amplitude of the optical signal in a way that reduces the optical bandwidth of the signal. As a result, the dispersion tolerance increases. This is its main advantage. 

Due to the reduced optical bandwidth, some PSBT designs can also function in a DWDM network with 50 GHz channel spacing. However, OSNR tolerance of PSBT is comparable or even worse than that of NRZ.

PSBT can be used efficiently in metro networks with limited reach requirements. 

CS-RZ (Carrier Suppressed Return to Zero)

CS-RZ modulation utilizes a return to zero modulation. It also alters the phase of the optical signal. CS-RZ signal is far less sensitive to fiber nonlinear effects and provides better robustness against transmission impairments. It offers improved OSNR tolerance and improved dispersion tolerance compared to NRZ. 

CS-RZ has one major limitation: like NRZ it cannot operate at 50 GHz channel spacing. The CS-RZ is a good choice for metro and LH networks, but the channel count is limited to 40 in the C band.

DPSK (Differential Phase Shift Keying)
DPSK modulation uses the phase to code the bit information directly to the optical transmission. At the receiver side it has a differential receiver. DPSK provides a 3 dB higher OSNR tolerance and higher transmission tolerance against system impairments. The OSNR of DPSK is superior to all other modulation schemes. However, as with CS-RZ, DPSK cannot operate at 50 GHz channel spacing. DPSK is therefore a good choice for long-haul and even ultra-long-haul networks, but with a channel count limited to 40 in the C band.

DQPSK (Differential Quadruple Phase Shift Keying)

DQPSK uses the phase to code the bit information directly to the optical transmission. At the receiver side it has a quadrature receiver. In addition to the benefits of DPSK, it uses smaller bandwidth and therefore benefits from:

· Suitability to work in 50 GHz channel spacing

· Enhanced dispersion tolerance

· Best PMD tolerance – important feature for older fiber infrastructure

However, the DQPSK technique requires complex transmitter and receiver equipment compared to other modulation techniques. This drives up the cost. In addition, the commercial availability of some of the enabling components is limited.

PDPSK (Partial DPSK)

PDPSK is a variation of DPSK where the differential phase at the receiver side is carefully being adjusted. This adjustment creates a partially differential phase shift keying. The outcome is OSNR tolerance almost as good as in DPSK, but with good bandwidth efficiency. 

The highlights of PDPSK modulation are:

· Good OSNR tolerance
· Improved chromatic dispersion tolerance

· Improved PMD tolerance

· Ability to work in 50 GHz channel spacing

The benefits of PDPSK make it suitable for applications of metro and long‑haul networks. 

The following table summarizes the various modulation schemes:

Table 1:  Comparison of modulation schemes

	 
	NRZ
	NF-PSBT
	WF-PSBT
	CS-RZ
	NRZ-DPSK
	NRZ-PDPSK
	RZ-
DPSK
	RZ-
PDPSK
	RZ-
DQPSK

	OSNR sensitivity @ 2(10-3 [dB](1)
	15
	15
	17.5
	14.0
	12.5
	13.0
	11.5
	12.5
	13.5

	Launch power relative to NRZ
	0 dB
	0 dB
	0 dB
	+2 dB
	+1 dB
	+1 dB
	+3 dB
	+3 dB
	1 dB

	Nominal reach with EDFA [km](2)
	900
	900
	700
	1500
	1400
	1300
	2200
	2000
	1400

	Nominal reach with Raman [km](3)
	1500
	1500
	1100
	2400
	2200
	2100
	3500(4)
	3200
	2200

	Filter tolerant

50 GHz grid
	No
	No
	Yes
	No
	No
	Yes
	No
	Yes
	Yes

	PMD tolerance without PMDC [ps]
	3
	2.5
	3
	3.5
	3
	3.5
	3.5
	3.5
	6

	Summary
	
	
	
	Best for 100 GHz systems
	
	Practically optimal solution for 50 GHz and ROADMs
	Best for ULH distances
	Best for 50 GHz and ROADMs
	Immature and costly


System Considerations

"Build as you grow™" Capability

The deployment of 40G networks in the coming years is expected to be gradual where, in most cases, 40G traffic will be complementary to 10G channels. 40G channels will be added to existing 10G DWDM systems, conforming to 10G network design rules that were established years ago. This is a challenging task since typically, 10G transmission equipment has better OSNR tolerance and better dispersion tolerance than 40G equipment. 40G transmission solutions with superior OSNR and dispersion characteristics, like PDPSK, are the better candidates for such a task since they can nearly match the transmission characteristics of 10G. In cases where the 10G network solution imposes a tough dispersion budget for the 40G equipment, the equipment should include means to compensate for the dispersion (chromatic and polarization).

40G Channels in Multidegree ROADM Networks 

Multidegree ROADMs are the key to modern metro and regional networks. They offer all the benefits of dynamic bandwidth allocation, effective protection schemes, and future-proof scalability. 

Network designers who wish to add 40G optical channels to networks with ROADMs must consider the following:

· ROADMs introduce insertion loss that must be compensated by optical amplifiers. As a result the OSNR degrades.

· Various ROADMs have different spectral response curves. Typically, the bandwidth narrowing limits the number of ROADMs that can be cascaded. This might be a problem in a 50GHz channel-spaced network. See the article in Appendix A for more details. 

Compliance to Standards

The most common 40G client interfaces are STM-256c and OC-768c, with data rates of 39.8 Gbps. This is the uplink interface of today's 40G core routers. 

IEEE's 802.3 HSSG decided recently to support both 40G and 100G Ethernet rates. Regarding the 40G solution, the physical layer objective is to support transmission over a distance of at least 100 m. New 40G transport equipment will be required to interconnect with this optical interface. 

ITU G.709 is the most widely acceptable standard to define line side interfaces and network management in the optical layer. For 40G solutions, the standard defines an OTU-3 frame with a data rate of 43 Gbps. The frame includes 39.8 Gbps of payload traffic, overhead for the implementation of forward error correction (FEC), and general communication channel (GCC).

Total System Management

As with all telco-grade optical systems, it is expected by carriers that a network with 40G channels will be fully managed and provide features such as flexible fault management tools, end-to-end trail definition, database backup, and sophisticated Customer Network Management (CNM) that enables monitoring and allocating available network resources for a wide variety of services. In addition, multiple software configurable protection options, along with dynamic bandwidth allocation, should allow service providers to provision SLAs with bandwidth and restoration schemes tailored to the customer's QoS requirements.

The system management challenge grows as it is required to support mesh, ring, star, and linear topologies with end-to-end service provisioning.

The migration to fully protected mesh networks with variable service grades results in a better, more cost-effective utilization of resources, and lower OPEX and CAPEX.

Accurate implementation of G.709, including its mapping structure and GCC channel, is critical for interoperability and total system management of networks from various vendors.

ECI's 40 Gbps Solution

ECI's XDM®-40000 shelf is an integral member of the XDM family. The XDM-40000 carries up to seven 40 Gbps tunable wavelength long-haul transponder cards and supports an optional PMDC card. 

Each transponder card can interoperate on its client side with the common core routers (leading vendors) that have 40 Gbps interfaces. The type of supported 40 Gbps interfaces include STM-256, STM-256c, OC-768, and OC-768c.
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Figure 1: XDM-40000 shelf

On the line side, the transponder cards deploy the most advanced PDPSK modulation scheme to provide excellent OSNR tolerance and industry‑leading reach capabilities. ECI's PDPSK modulation has the benefits of excellent OSNR tolerance – with a reach of over 1000 km while supporting 50 GHz channel spacing. The 50 GHz channel spacing allows for 80 DWDM channels – an essential feature in future‑ready regional and long-haul networks.

The line side traffic complies with the G.709 standard (OTU-3), having a data rate of 43 Gbps with EFEC and a GCC management channel. Other benefits of the transponder card are the built-in optical amplifier for an enhanced link budget and the built‑in tunable dispersion compensator. 

The optional PMDC card is based on a fast variable DGD element. The card is needed for long-haul networks that use older fibers with severe polarization dispersion of up to 8 ps and with a differential group delay (DGD) of up to 25 ps.

With the XDM-40000, the XDM family is positioned to provide metro‑core, regional, and long-haul network solutions for a mix of services of up to 40 Gbps. These network solutions include all the necessary ingredients for the optical layer: transponders, combiners, optical amplifiers, WDM Mux/DeMux, OADM, and state‑of‑the art multidegree ROADM. The complete network solution is managed by ECI's LightSoft® NMS. 

Since the XDM-40000's 40 Gbps transponder offers the best of breed OSNR tolerance, it can be added easily to existing 10 Gbps channels, without degrading overall system capabilities. For this reason, we also offer 10 Gbps networks that can support future addition of 40 Gbps services. The XDM solution supports 40G services carried by a DWDM network that has 40G (OTU-3) and 10G (OTU-2) optical channels. The network may carry a variety of services, both new and legacy.

Beyond the optical layer capabilities, the XDM product line supports SDH and L2 functionality – offering diverse and efficient hybrid solutions.

The XDM-40000, as the rest of the XDM family, is managed by the LightSoft NMS.
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Figure 2: ECI’s 40 Gbps solution

XDM-40000 System Specifications

Chassis

· ATCA 300-based chassis: 500 mm W x 300 mm D x 622 mm H with 14 slots

· Fits in ETSI or US-Telco rack. All power/optical connections are front accessible

· Fully telecom compliant: NEBS 3, UL/CSA/CE, EMI/EMC, RoHS5

Control and management

· LCT with SNMP, HTML and TL1 interfaces 

· Network management by LightSoft NMS

Optical interfaces

· Line side functionality of:

· Tunable dispersion compensator

· Optical preamplifier

· Full G.709 compliance, including enhanced FEC and GCC channel

· STM-256/OC-768 client interface

Optical line interface

	
	Unit
	Min.
	Type
	Max.

	Line rate
	Gbps
	
	43
	

	Modulation
	
	PDPSK

	Tx tunable optical frequency range
	THz
	191.7
	
	196.0

	Tx configurable optical output power 
	dBm
	-5
	
	+5

	Rx input power range
	dBm
	-18
	
	+5

	Rx dispersion range
	Ps/nm
	-500
	
	+930

	PMD tolerance
	ps
	3.1
	
	

	OSNR tolerance (after FEC)*
	dB
	11.5
	13
	15


Optical client interface

	
	Unit
	Min.
	Type
	Max.

	Data rate
	Gbps
	
	39.8
	

	Modulation
	
	NRZ

	Standard applications 
	
	OC-768/STM-256 VSR20003R2/3R3/3R5


PMDC card (needed only for older fibers in LH networks)

	
	Unit
	Min.
	Type
	Max.

	Technology
	
	Variable DGD element

	PMD
	Ps
	0
	
	8.0

	Penalty for 0 to 25 DGD
	dB
	
	
	2.0

	Control speed
	ms
	
	
	1.0

	Insertion loss
	dB
	
	
	7.0


System level limitations

· - Number of ROADMs in the path: 
5

· - Reach without regeneration:

1500 km

Technology Leader

ECI was the first to demonstrate 40 Gbps transmission through a 50 GHz spaced ROADM to 1000 km.

We demonstrate bandwidth-limited 1000 km transmission of 43 Gbps RZ‑DPSK signals. System bandwidth was limited via a MEMS-based wavelength-selective switch operating at 50 GHz channel spacing. The system demonstrates increased tolerance to bandwidth limitation, noise, and nonlinearity. 


Refer also to the article in Appendix A.

Next Stop - 100G

The future scheme of optical networks suggests an IP data layer on top of a highly capable optical WDM layer. It is natural for such a data network, that is not SONET/SDH or ATM based, to have either 10 GbE or 100 GbE client interfaces connecting to the optical layer. The optical layer will consist of OTU-2 channels for metro-access networks and OTU-4 channels for metro-core and regional networks. The 100 GbE with OTU-4 would benefit the carriers, providing them with highest capacity and best suitability for data networks. 

In the interim, until 100 GbE technology materializes, the 40G interfaces will play a major role in the metro-core and regional networks. 

Researchers have already demonstrated functionality of 100 Gbps to 140 Gbps systems using various modulation technologies.

The main obstacles for the 100 GbE technology are availability of chipsets (OTU-4 frames, Mux/DeMux), severe chromatic dispersion and polarization dispersion of fibers, increased signal to noise degradation (compared to lower data rates), lack of test equipment, and standardization. 

In order to overcome the OSNR tolerance degradation and the severe dispersion effects, the following modulation technologies have been suggested: 

· Multilevel coding: QPSK, QAM, M-ary ASK. The main features are relaxed bandwidth and voltage requirements for the modulator that can be realized with current technology. However, compatibility is only achieved with 100-GHz channel spacing.

· Polarization multiplexing instead of single polarization. The main benefits are compatibility with 50 GHz channel spacing. However, this is a costly scheme.

· Coherent instead of direct detection with the benefit of electronic dispersion mitigation (PMD and CD). This is also a costly scheme compared to non-coherent receivers.

None of these listed modulation technologies is mature enough for immediate commercial usage.

On the standardization front, the IEEE 802.3 High Speed Study Group (HSSG) is mainly focused on specifying high speed interfaces for up to 40 km transmission.

The ITU Study Group 15, Next Generation Optical and Transport Networks, is focused on specifying metro and backbone type DWDM interfaces. The OIF-CEI 25G Next Generation Backplanes is defining common electrical interfaces for high speed applications. The work on 100GbE standardization continues.

According to recent analyst surveys, it seems that early adopters will start to test 100 GbE links in 2010. Later, the 100 GbE and OTU-4 technologies will gradually take off.

Summary

The commercial realization of 40G systems is already a fact. The need to interconnect core routers is the obvious reason for having the 40G transport infrastructure in place. In the coming years, we will see increasing 40G deployments at the core and long-haul networks, not only for router connectivity, but also to relieve capacity bottlenecks.

ECI's 40G solution offers the following major benefits:

· Supports the gradual addition of 40G channels to already existing 10G networks, following a "build‑as‑you grow" approach.

· Offers a total network solution managed by ECI's adept LightSoft NMS.

· Provides superior 40G transmission technology that is suitable for metro and long‑haul networks.

· Offers a proven system design that incorporates the best‑of‑breed multidegree ROADM nodes and best‑of‑breed 40G technology.

· Allows optical channels to be 50GHz‑spaced, offering scalability of up to 80 optical channels in the C band.

ECI is an industry leader meeting the challenges of increased bandwidth
. 

Appendix A:   Demonstration 
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Abstract: We demonstrate bandwidth-limited 1000 km transmission of 43 Gbps RZ-DPSK signals. System bandwidth was limited via a MEMS-based wavelength-selective switch operating at 50 GHz channel spacing. The system demonstrates increased tolerance to bandwidth limitation, noise, and nonlinearity. 
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Introduction

Deployment of 40 Gbps systems is constrained by multiple physical effects and design considerations. System reach can be improved using advanced modulation formats to increase the tolerance to noise and nonlinear effects, but at the same time, the bandwidth requirements of these modulation formats may increase. As bandwidth requirements increase, the system design considerations may limit the use of filter cascades and denser channel spacing. Furthermore, it is highly desired, especially in 40 Gbps systems, to use dispersion compensation modules (Bragg gratings, etalon, virtual imaged phase-arrays, etc.) rather than dispersion compensation fibers (DCFs) since they exhibit lower insertion loss and reduce nonlinear effects. For network flexibility, it is also desired to use reconfigurable add/drop modules (ROADMs), which limit the system bandwidth. Multiple cascades of DCMs and ROADMs along with the desired move from 100 GHz to 50 GHz channel spacing create a considerable design constraint on high bandwidth transmission systems. 

In order to tackle system bandwidth limitations, bandwidth-tolerant modulation formats such as doubinary and DQPSK were evaluated [1-4]. In doubinary transmission, the noise tolerance is comparable to NRZ and the nonlinear threshold is also similar to NRZ [5]. DQPSK is a promising solution, but is not cost effective. In contrast, RZ-DPSK is cost effective and has many advantages over NRZ with higher noise tolerance and nonlinear threshold [6]. 

Some studies were conducted to determine the ability of operating 40 Gbps RZ-DPSK signals at 50 GHz spacing [7]. We demonstrate the feasibility of a reconfigurable 43 Gbps RZ-DPSK system that compromises some of the noise tolerance to overcome some of the bandwidth limitations of 50 GHz spaced systems. A 1000 km link was tested with error-free post-FEC transmission down to 16 dB OSNR. In the linear regime, the system margin was measured to be 3dBQ at 19dB OSNR. 
Experimental Setup of 1000 Km

Figure 3 shows the experimental setup of the 1000 km link. The RZ-DPSK transmitter includes two modulators: one for phase modulation of the data and one for amplitude modulation of the clock for RZ pulse carving. The resulting RZ-DPSK signal is transmitted through the system which consists of 10 spans of 100 km of G.652 and mid-stage access optical amplifiers. The dispersion compensation is inserted in the midstage access of each amplifier and the resulting dispersion map can be seen in Figure 3. In order to minimize the nonlinear penalty, we inserted dispersion precompensation of about 1360 ps/nm.

The optical amplifiers are of various qualities and the spans include extra attenuation to emulate deployable margins; therefore, we plotted the overall span loss plus the noise figure (S + NF) for each span. The typical noise figure value of such an amplifier at 22 dB gain is about 6.5 dB, which is the case for the first 5 amplifiers (S + NF = 28.5 dB). Since we used lower quality amplifiers for the last five links, the S + NF value for these spans is about 33-34 dB. The average S + NF value for the 10 spans is about 31.5 dB, reflecting an average link budget of 25 dB when using typical midstage amplifiers with 6.5 dB noise figure in every span.

The signal is filtered using a 50 GHz WSS; the spectrum before and after can be seen in the bottom right of the figure. The filtered DPSK signal is demodulated using an asymmetric mach-zender demodulator and received into a differential receiver.
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Figure 3: Experimental trial setup and dispersion map

Results and Discussion

Figure 4 shows the transfer function of the 50 GHz wavelength-selective switch (WSS) based ROADM. The passband and ripple in this case was measured using a tunable laser [8]. As one can see, the 1 dB passband of the WSS was measured to be 282 pm with negligible dispersion and phase ripple in this region. This filter, although operating at 50 GHz spacing, has a wide operation bandwidth, thus allowing for greater bandwidth efficiency and minimal signal degradation of the 40 Gbps signals. 
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Figure 4: WSS insertion loss and group delay

The transmission is limited by self-phase modulation (SPM); the required OSNR as a function of launch power for error-free post-FEC transmission can be seen in Figure 5 (a) for single-span and (b) for 10 spans. In the linear region, the required OSNR for both experiments is similar. The single span OSNR performance is about 13.5 dB using a 100 GHz spaced filter, and incurs a 1.5 dB penalty when the filter is exchanged with the 50 GHz WSS. 

As in Figure 5 showing a minimum required OSNR to achieve error-free performance after FEC vs. the signal launch power into the fiber, the 1 dB SPM threshold in the single-span experiment is about 16.5 dBm, while for the 10-span experiment the threshold is decreased to 6 dBm. Therefore, the design rule (Pmax model) for the nonlinear threshold in this case is 
16 dBm - 10logN [9], where N is the number of spans. This demonstrates a 4 dB improvement over the NRZ case, similar to [6]. Note also that the SPM threshold is filter type independent since the filter is placed at the output of transmission.
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Figure 5: Nonlinear induced SPM threshold for (a) single span and (b) 10 spans 1000 km - shows a minimum required OSNR for error-free post-FEC performance vs. optical power launched into the fiber

Figure 5 (a) and (b) shows the pre-FEC bit error rate (BER) for 800 km and 1000 km experiments respectively. The optimal launch power per span is around 4 dBm in both cases. As one can see, the 50 GHz channel spacing system launch power can range from –2.5 dBm to 7 dBm for the 800 km experiment, and –1 dBm to 7 dBm for the 1000 km experiment. This corresponds to about 4.2 dBQ and 3 dBQ margin for the 800 km and 1000 km experiments, respectively. 
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Figure 6: Test results after (a) 800 km and (b) after 1000 km

As seen in Figure 6, when the filter bandwidth is reduced from 100 GHz to 50 GHz channel spacing, the signal degradation was measured to be 2 dBQ and 2.2 dBQ in the 800 km and 1000 km experiment, respectively. 

 Conclusions

We demonstrated the feasibility of a 40 Gbps RZ-DPSK WSS‑reconfigurable transmission system operating at 50 GHz spacing. The system showed 3 dBQ margin with 19 dB OSNR after 1000 km. The span loss plus the amplifiers’ noise figure were elevated in the experiments to 31.5 dB. We measured error-free post-FEC transmission of 13.5 dB OSNR with a 100 GHz channel‑spaced filter and 15 dB with the 50 GHz channel‑spaced WSS ROADM. The post-FEC SPM threshold of the RZ‑DPSK system was independent of the filter type and measured around 16.5 dBm for a single span and 6 dBm for 10 spans, demonstrating a 4 dB improvement over NRZ. This transmission link takes advantage of the high nonlinear threshold and high OSNR tolerance of RZ-DPSK, while compromising some of its performance to accommodate bandwidth‑limiting effects of 50 GHz channel spaced transmission. The system can further be improved by using a filter-tolerant partial DPSK modulation format (P-DPSK) described in [10].  
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