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Introduction
This paper (beginning on Page 5) outlines a standards-based approach to IP over DWDM employed by 
Juniper Networks. It introduces long-reach G.709 pluggable DWDM optics, and shows configuration 
and test results for a core IP router interconnection over a 574 km DWDM link implemented with 
these optics on a Juniper Networks T320 router. 

Integrating OTN technologies into a router brings new network benefits and capabilities. One of the 
most significant is that network design is simplified as two short-reach interfaces are immediately 
eliminated—the gray wavelength that typically connects to a transponder shelf, and the colored 
wavelength that emerges from this shelf and connects to a DWDM multiplexer. This results in both 
CAPEX and OPEX savings. Through the use of forwarding error correction, the number of costly 
optical regeneration events can be eliminated or reduced along the path. 

Scope 
This paper (beginning on Page 5) outlines the key components of an open systems approach to 
IP-Optical networking with XENPAK pluggable optics. Essentially, the paper illustrates a generic 
integrated IP-Optical network consisting of IP routers (Juniper T320) with integrated DWDM optical 
interfaces interworking with an optical layer. 

Long-reach G.709 pluggable DWDM optics is a key enabler for optical interoperability. The 
standardized control plane is another primary enabler for end-to-end provisioning in a multi-vendor 
environment. There is also a standardized management system interface for network surveillance 
and monitoring of end-to-end circuits in a multi-vendor environment. 

Description and Deployment Scenario
Configuration and test results are shown for a core IP router interconnection over a 574 km DWDM 
link implemented with pluggable G.709 DWDM optics on the router platform, thus validating 
this approach for integrated IP-Optical networking. The optical layer consists of a mix of OADMs, 
ROADMs and Multi-Degree ROADMs providing wavelength aggregation, amplification and switching. 

Wavelengths are terminated on the routers, with end-to-end G.709 functionality providing transport 
OAM and FEC functions. The FEC enables long-distance transport, minimizing requirements for 
intermediate regeneration. Wavelengths are routed across the network to provide logical connectivity 
between the routers with alternate paths providing rerouting capability in the case of network failures.
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Summary
Integrated IP-Optical DWDM networks have clear benefits in reducing the number of components 
in the network for providing end-to-end IP connectivity and routing. Converged IP and DWDM 
networks provide significant benefits to service providers. Router-integrated transponders eliminate 
transponder shelves, thus providing both CAPEX and OPEX savings. 

Using pluggable DWDM OTN interfaces on networking platforms is an attractive means to enable 
interworking between different equipment types and vendors. For core applications, this requires 
G.709 functionality and FEC to support long-distance transmission with standardized end-to-end 
wavelength monitoring functions.

In addition, standardized management interfaces provide end-to-end network monitoring and 
performance management. Control plane integration facilitates faster introduction of new services, 
and integrated management simplifies network operations, while improving the network availability 
and utilization. 
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Abstract:  Requirements are identified for an open-system approach to integrated IP-over-optical 
networks.  Using DWDM XENPAK interfaces with integrated G.709 framing we demonstrate 
error-free connectivity of core IP routers across a 574km link. 
© 2007 Optical Society of America 
OCIS codes: (060.2330) Fiber optics communications, (060.2340) Fiber optics components 
 

 
1. Introduction 
 
DWDM systems today typically use transponders and muxponders to provide the required adaptation of client  
interfaces from networking equipment, such as IP routers, Ethernet switches and MSPPs, to DWDM wavelengths 
for metro and long reach transport.  Transponders provide optical and OAM demarcation points between equipment 
types, and muxponders also provide for sub-wavelength aggregation of multiple client interfaces to increase network 
efficiency and lower costs.  However, with the increasing deployment of networking platforms with 10Gbit/s 
interfaces there is increasing drive for direct wavelength termination on these platforms with transparent transport  
across the DWDM transport layer - or the integrated IP-optical solution. There are cost savings in the integrated 
solutions compared with a transponder-based approach, and these have been deployed for some years with SONET 
ADM and MSPP as well as IP router platforms. Core IP routers are a prime example of this application where 
multiple 10Gbit/s interfaces may need to be terminated in a particular location and transported long distances across 
the DWDM core optical network.  Further, with the migration towards 40Gbit/s interfaces on core routers, where the 
interface costs are greater, there is additional motivation for the integrated solution in avoiding additional OEO 
functions. 
 
In parallel, there has been an increasing trend in networking equipment towards pluggable optical interfaces with the 
specification of MSAs such as XENPAK, X2, XPAK and XFP at 10Gbit/s rates.  Pluggable interfaces provide 
standardized optical layer specifications, and form factors, which enable equipment vendors to provide a smaller 
number of line cards while still being able to offer the various flavors of optical interfaces needed for network 
optimization.  Common specifications enable economies of scale for component suppliers, thus lowering the cost of 
network deployments.  Pluggable optics MSAs are however constrained in terms of physical footprint, power 
consumption and thermal dissipation.  Although short reach 10Gbit/s DWDM pluggable interfaces are now 
commercially available, to date there has not been a DWDM optical interface provided in a pluggable footprint, 
along with G.709 OAM functions required for long reach applications.  The availability of such a component with 
integrated G.709 framer allows the network operator the greatest flexibility in enabling long reach transport 
interfaces without variation of line cards. 
 
For an integrated IP-optical DWDM solution, it is critical to provide management and control functions that enable 
seamless end-to-end provisioning of circuits across the transport network and to provide OAM functions for network 



monitoring and troubleshooting.  Without transponder demarcation, the end-to-end service should then be 
provisioned across platforms and should also provide an end-to-end circuit view for OAM functionality - between 
the IP platforms and across the WDM network. Often referred to as alien wavelength capability, the ability of 
DWDM platforms to carry external DWDM signals is supported by many transport vendors today.  However, 
differing optical interface specifications give rise to different distance capability and tolerance to impairments which 
complicates the network planning process.  
 
In this paper we outline the key components of an open systems approach to IP-optical networking with pluggable 
optics.  We will see that the availability of long reach G.709 pluggable DWDM optics is a key enabler for optical 
interoperability and once specifications are aligned for impairment tolerances, very long distance can be achieved.   
Standardized Control Plane is another primary enabler for end to end provisioning in a multi-vendor environment.  
The third piece is a standardized management system interface for network surveillance and monitoring of end-to-
end circuits in a multi-vendor environment.   
 
Configuration and test results are shown for a core IP router interconnection over a 574km DWDM link 
implemented with pluggable G.709 DWDM optics on the router platform, thus validating this approach for 
integrated IP-optical networking. 
 
 
2. Integrated IP-Optical Networks 
 
Figure 1 shows a generic integrated IP-Optical network consisting of IP routers with integrated DWDM optical 
interfaces interworking with an optical layer.  The optical layer consists of an arbitrary mix of OADMs, ROADMs 
and Multi-Degree ROADMs providing wavelength aggregation, amplification and switching.  Wavelengths are 
terminated on the routers, with end-to-end G.709 functionality providing transport OAM and FEC functions.  RS 
(255/239) FEC enables long distance transport, minimizing requirements for intermediate regeneration.  In this 
example, wavelengths are routed across the network to provide logical connectivity between the routers with 
alternate paths providing re-routing capability in the case of network failures.  The routers may be of the same type 
or different types and even from different vendors. 
.   
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Fig. 1.  Integrated IP-Optical Network. 
 
 
Key to the optimization of costs in long distance transport networks is the minimization of intermediate node transit 
costs.  Implementing the most effective means for optical-bypass, the ROADM enabled network is the ideal solution 
for this, providing local add/drop termination to routers only where traffic planning dictates and not for intermediate 
regeneration. Implementation of a generic wavelength mesh, using combinations of ROADM and Multi-Degree 
ROADM gives the most flexibility for optimization of the wavelength routing and hence transport bandwidth 
resources. 



 
GMPLS provides the most efficient means for resource provisioning across the network in a multi-vendor 
environment.  A user will initiate a service request on the router platform which then translates to resource 
reservation and signaling across the network via Control Plane interface between platforms.  In the case of colorless 
ROADM configurations, this includes the flexibility to assign wavelengths according to channel availability as well 
as wavelength routing across the network. 
 
End-to-end OAM of the wavelength paths across the network, including fault and performance monitoring is 
supported via combination of optical performance monitoring in the optical network along with G.709 termination 
and digital monitoring in the IP networking equipment. 
 
High availability IP services in the integrated network are enabled in various ways.  The key requirement is to have 
diverse paths from each router as shown in Fig.1.  In the case of network faults, fast IP re-route, or other IP-based 
protection mechanisms, may be used to restore services.  Going forward, optical restoration may be used to provide 
wavelength level restoration in the case of network failures enabled by Control Plane and the dynamic optical layer.   
 
 
3. XENPAK Pluggable G.709 Interface 
 
In order to achieve 10−15 post-FEC performance in multi-span, low-OSNR conditions, a novel MSA compliant 
XENPAK DWDM transceiver with integrated Optical Transport Network (OTN) G.709 OAM and Forward Error 
Correction capabilities is used for the first time.  Integrating OTN and FEC capabilities in the XENPAK module is 
achieved thanks to the use of a new ASIC and a very high degree of component integration.  The OTN XENPAK 
module employs a transmitter that consists of an InP electroabsortion modulator and a CW laser operating on the 
100 GHz ITU-T DWDM grid.  The receiver consists of a 10 Gbit/s avalanche photodiode with integrated 
transimpedance amplifier.  A Reed Solomon (255,239) code provides forward error correction yielding a 6.2dB net 
coding gain at 10−15 BER.  To achieve further performance enhancement, an adaptive receiver threshold algorithm is 
implemented in the OTN XENPAK module.  Using firmware self contained on the OTN XENPAK module, the 
algorithm uses feedback from the integrated FEC ASIC to adjust the receiver threshold decision level in order to 
minimize total pre-FEC errors with improvements up to two decades in pre-FEC error performance at low input 
power levels (-23dBm).  Fig.2 shows measurement data showing required OSNR as a function of residual dispersion 
for different levels of measured pre-FEC BER. Fig.2 shows a 1dB penalty dispersion window of approximately 
1700ps/nm.   10-4 pre-FEC BER for RS(255,239) coding corresponds to 10-15 post FEC BER. 
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Fig. 2. OTN XENPAK required OSNR vs. residual dispersion (-20dBm Rx ) 

 
 



The OTN XENPAK transparently encapsulates a native 10 GbE (10.3125 Gbit/s) LAN PHY payload signal, in this 
instance from the Juniper T-Series router, into an OTN digital wrapper frame that is over-clocked OTU2 at 11.09 
Gbit/s, which offers full transparent transport of the 10GbE LAN PHY payload.  The device itself also supports a 
rate adapted standard OTU2 network interface at 10.7 Gbit/s with IEEE 802.3 WAN PHY.  The OTN XENPAK 
G.709 digital wrapper overhead and FEC functions are handled by the DWDM Interface Sublayer (DIS) processor, 
which is integrated into the OTN XENPAK module.  The DIS processor provides OTN Operations Administration 
and Management (OAM) functions with G.709 alarms and binned Performance Management (PM) statistics.  
Configuration and monitoring of the OTN XENPAK is performed via a standard router provided MDIO interface.  
Additionally, no hardware modifications to the router were required to support the OTN XENPAK operation or 
testing.  Fig.3 shows all protocol block functions within the OTN XENPAK module. 
 
 
 

 

 
 

Fig. 3. OTN XENPAK protocol block functions. 
  
 
The integrated G.709 compliant Digital Wrapper and Forward Error Correction (FEC) provide optical performance 
and management functions nominally equivalent to those found in DWDM Transponder systems, so no OAM&P 
features were sacrificed and the ITU-T G.692 compliant module insures interoperability with Open DWDM line 
systems supporting fixed and ROADM based architectures in Metro, Regional and Long Haul network applications. 
 
 
4. Test Configurations 
 
The optical modules were tested in back-to-back configurations without fiber, and with fiber lengths of 50 and 
100km also incorporated to determine module receiver power and OSNR sensitivity, along with tolerance to 
chromatic dispersion and DGD. 
 
Fig.4 shows the test configuration used to validate the performance of the Juniper T-series core router incorporating 
the OTN XENPAK module.  An 8-span DWDM link with dual stage EDFAs incorporating dispersion compensation 
was configured.  OTN XENPAK modules were incorporated on the Juniper router line cards.  One module was set 
to transmit at 1531.1nm in the send direction and another device was set to transmit at 1561.42nm in the return 
direction.  Transponders were used to provide loading wavelengths at 100GHz spaced wavelengths either side of the 
1531.12nm transmitter.  A  total fiber length of 574km was used.  Attenuators in span were also used to increase the 
attenuation to simulate higher span losses according to the table in Figure 4.  Smartbits test equipment was used to 
generate IP packets which were forwarded through the router, the OTN XENPAK interfaces and the DWDM 
network.  The test configuration was left running for 15 hours and the IP packet statistics recorded for the duration 
of the test.  
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Fig. 4.  Router-to-router test configuration. 

 
5. Results 
 
Figure 5 shows results of back to back testing of the OTN XENPAK device at a nominal received power of −22dBm.  
BER (recorded as pre-corrected error rate) against received OSNR in 0.1nm resolution bandwidth is shown for 0, 50, 
and 100km of uncompensated SMF fiber.  A pre-FEC BER value of approx 10−4 may be used as an indication of 
error-free performance after FEC correction, which corresponds to approximately 14dB OSNR.  At this point, we 
see <1dB chromatic dispersion penalty for 50km fiber and approximately 4dB penalty for 100km fiber.  Separately, 
DGD sensitivity was recorded, with approximately 1dB measured OSNR penalty at 30ps DGD typical of 10Gbit/s 
interface.  The results show performance compatible with long distance transport with chromatic dispersion 
compensation and <DGD> (mean DGD) less than 10ps. 
 
In the overnight router testing packet statistics were recorded over a 15hr period with variation of Ethernet frame 
size from 64 bytes to 1518 bytes.  For the duration of the test, zero packet loss was observed. 
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Fig. 5.  OTN XENPAK back-to-back pre-FEC BER vs. OSNR at −22dBm Rx power 

0, 50, 100km SMF fiber. 



6. Conclusion 
 
Integrated IP-Optical DWDM networks have clear benefits in reducing the number of components in the network 
for providing end-to-end IP connectivity and routing.   Core router interconnection is a primary application where 
multiple 10Gbit/s interfaces are typically terminated at each site, and the cost savings by using integrated DWDM 
OTN interfaces can be significant.  With migration to 40Gbit/s where the optical interface costs are higher, the 
benefits are even more distinct for the integrated solution.  Using pluggable DWDM OTN interfaces on networking 
platforms is an attractive means to enable interworking between different equipment types and vendors.  For core 
applications, this requires G.709 functionality and FEC to support long distance transmission with standardized end-
to-end wavelength monitoring functions.  We have shown error-free operation of an integrated IP-Optical solution, 
with long-distance transmission, using for the first time, a router-pluggable XENPAK interface with integrated 
G.709 and FEC capabilities. Standardized GMPLS Control Plane interfaces provide an effective means for resource 
provisioning and signaling across the integrated network, between different equipment types.  In addition, 
standardized management interfaces provide end-to-end network monitoring and performance management.  With 
these three primary components, we see the basis for an open systems approach to the integrated IP-Optical network 
solution. 
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