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Summary

« Bit error ratio, Q-factor and other metrics
e Estimating receiver Q-factor
e Accuracy of the estimation
« Application
— Electronic “bottleneck” and photonics
— Optical label switched networks
— Payload bit error rate monitoring

— Problem with label monitoring
— What can be done?

e Conclusions
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Optical link design & performance

e Optical link bit error ratio (BER) Is a key
performance measure

* Link design to minimise BER often requires
expensive, complicated optical simulations

 For amplitude modulated, Non-Return to Zero
systems have

BER(Q) =

[ Q)L exp(-0°/2)
| ef( j NTI"
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Presenter
Presentation Notes
This is just the usual stuff. BER is a fundamental parameter and calculating it often requires expensive simulation packages such as VPI, OptSim, etc. For Amplitude Modulated, NRZ, we will use the simple relationship between Q-value and BER to develop our design tool.


Standard signal quality metrics

o Q-factor

0 = H — Hy ZZRP(I/—])
o, +0, Z(r+1)

— ® = Detector responsivity
— P = Receive power
— r = Extinction ratio = u,/u,

 Eye Height
EH = (14 — ty) — (0, +0,)
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Presenter
Presentation Notes
More standard definitions for the audience. The Q-factor definition is the usual definition, but we have also included a re-draft of the definition in terms of received optical power and extinction ratio. This form is used to derive the equation for the Q-value at the receiver. The details of this derivation are not in the paper.
From the eye diagram we see that mu(1) is the mean “1” signal level, mu(0) is the mean “0” signal level, sigma(1) is the standard deviation of the “1” signal level and sigma(0) is the standard deviation of the “0” signal level. This is all evaluated at the decision instant within the bit period.
We also need the Eye Height because we use the Eye Closure Penalty. So, I have included the typical Eye  Height definition.
When defining the Eye Height, some people use 3 x (sum of the variances). Our model can accommodate this, but it leaves a value of 3 floating around in the equations. We get good results with it set to 1, so we have adopted that.


Eye Closure Penalty

 Measure at source (EH,) and receiver (EH,)
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Presenter
Presentation Notes
This slide provides a definition of the Eye Closure Penalty. This parameter is important in our technique, hence this slide.
As you can see, it is defined via the Eye Height at the source node (where the signal is in pristine condition) and the receive node (where it will have degraded).


ECP to Q-factor relationship

« Have relationship for Q-value at receiver

~ (PR /I)S)QSEC})Total
1+QS ((PR/BS')ECY)Total _1)

Or

where:
— O, = signal Q-factor at the receiver
— Qg = signal Q-factor at the source
— PP, = Source power/Receive power
= net path signal gain from source to receive
— ECP,,, ,= Total ECP of signal between source to receiver
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Presenter
Presentation Notes
This is where we get to the heart of the presentation. This equation can be derived from the equations for Q (in the redrafted form I mentioned in the notes to slide 3) and the equation for the ECP. The derivation, although relatively straight forward, is too long to include in the paper.
The important detail of this equation is that it gives an estimate of the Q-value at the receiver (and hence the BER by using the equation on slide 2), given the transmit Q value (which is typically > 20), the ratio of the transmit and receive powers (which can be estimated from the path loss/gain budget) and the ECP for the various degradations in the link. This information will be available from the design parameters for the link. So, we can use this equation to estimate the link BER from a simple set of link parameters without the need for a system simulation.


ECP (linear units)

Eye Closure Penalty

 ECP has known relationships to link parameters

Amplified Spontaneous
Emission
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OSNR (linear units)

ECP g

=1+ A, OSNR™""”
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Presenter
Presentation Notes
The really nice thing about the ECP is that there has been heaps of work done on characterising the ECP for most degradations. This is because the ECP is relatively easy to measure.
We have chosen 3 degradation mechanisms, but the ECP has been published for many more. Eg: cross talk (homodyne and heterodyne), cross phase modulation, self phase modulation, 4 wave mixing, etc.
The three we have focused on are: Amplified Spontaneous Emission, 1st order PMD (i.e. Differential Group Delay) and Residual Chromatic Dispersion. Each of these has a well catalogued and well understood relationship between the degradation parameter (OSNR for ASE, DGD for PMD, residual link dispersion for RCD) and the resulting ECP for that degradation alone. NOTE: the relationships we use are for each degradation mechanism operating alone. 
In this slide, we have shown that the simple relationships provide very a accurate measure of the ECP. These plots were derived from VPI with the link subject to each degradation alone. The x-axis is the corresponding parameter value for that degradation. We have included the R-squared value to show that these simple equations provide a very good measure of the ECP.
We now need the A parameters in the equations. This is the focus of the next slide.


Estimating ECP parameters

 Need to determine parameters:

— Aosng: Apyps Areps €1C
 We calibrate the receliver for each degradation
mechanism

— For set Q>>1, P; and P, vary the amount of degradation
and measure O,

— Calculate ECP using
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Presenter
Presentation Notes
We need values for the A parameters that appear in the previous slides. To do this, we do a calibration of the receiver and use a curve fit. We set up a link in which we know the source Q-value (QS, almost always >20), the source and receive powers (PS and PR). These are known. We then change the degradation parameter, such as ASE, and measure the value of QR using the middle term in the Q-value equation on Slide 3. Using the equation on this slide, we calculate the ECP. 
This equation is derived by re-arranging the equation for QR on Slide 5 and solving for ECP.
Also, note that this calculation is different to the original definition for the ECP, given on Slide 4. If we also calculated the ECP using that equation, we would get a different answer. The reason is that all these equations involve some form of approximation, and so you have to choose the form that is best suited to a given purpose. This form is the best for determining the ECP value to be used in the equation for the receive Q-value in Slide 5.
So, with a set of PS, PR and QR values, we can calculate the ECP for a range of degradation parameters for each individual degradation mechanism. This will give us a curve to which we best fit the appropriate equation form (on the bottom of Sldie 6). The best fit will give us the A parameters.
An issue that may arise here is the question of separating out the degradations. For example, if we need to derive the A values for RCD, we may use different lengths of fibre to get different RCD’s. We can partly accommodate this by measuring the PS and PR values in the calibration. However, what if we need amplifiers to compensate for the loss of the fibre. This case is addressed in the notes to the next slide.


Combining ECPs & testing

e Adopt simple sum rule to combine individual ECP
values to give ECP;,,, for multiple impairments
acting together :

ECP,,,(dB) = ECP,,(dB)+ ECP,,,,(dB) + ECP,,(dB)

f f f
ASE only ECP  PMD only ECP  RCD only ECP

e Tested technique with link simulations (using VPI):
— 4800 configurations of 10G NRZ modulated link
— OSNR: 2to 52 dB
— 1St order PMD: 0 to 90 ps (45° launch angle)

_ RCD: -320 to 1600 ps/nm
B %y, IBES
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Presenter
Presentation Notes
So far we have only considered the ECPs for each separate degradation. We need to combine these if we intend designing a link with multiple degradations. We adopted a simple model. If the degradations are independent (ie, their parameters are independent) then we just add the ECPs (in dBs) of these degradations to get the total ECP when they are acting together. 
This was an anzats that we hypothesised for simplicity. Amazingly, it works remarkably well (as we shall see).
With this, we can combine the ECP forms from the previous slides to give a total ECP that is then used to calculate the receive Q-factor for a link with any combination of the different degradation mechanisms working together. 
To test this we did 4800 system simulations for a 10Gbit/s link using VPI. We focused on ASE, PMD and RCD for this paper. The list of parameters on this slide shows the ranges of the parameter values we used in various combinations for the simulations.
Since then we have done 40Gbit/s and 100Gbit/s, NRZ and DPSK as well as fibre non-linearity and cross talk. (This work is in Jon’s PhD thesis.)
We find that this simple sum rule works remarkably well. (See Results slide below.) Given this, we can use the sum rule to our advantage. Recall the calibration process used to evaluate the A parameters, described in the previous slide. If we find that we need to add an amplifier to a long link that is used to attain high dispersion values, we merely calibrate for the ASE first, then do the long fibre link, with amplifiers, to calibrate for dispersion. This will give us a link with both ASE and RCD. Because of the sum rule, we can just subtract the ASE calibration from the ASE + RCD Eye Closure Penalty data to give the RCD Eye Closure Penalty calibration for RCD alone. 


Results

« Estimated Q, gives very accurate measure of actual

O

(21 FCE,
(L,

8

T o u® IBES

& o
[ % @

S, ol mstwefora O,r+0,x
MELEOURNE ® 7y Broadband-Enabled Saciety ) )
Apr 5'816

10


Presenter
Presentation Notes
Here are the results. We set up the 4800 simulations and collected the data on the transmit and receive Q-values. These data consisted of direct measurement of the mean and standard deviations of the “1” and “0” bits, just as would be done in an experimental Q-value measurement. (Eg. using a Q-monitor) This plot is a scatter plot of the receiver Q-value on the x-axis is (calculated directly from the mean and variance of the received data) against the QR value calculated using the equation on Slide 5 in which we used the ECP values given by the equation on Slides 7 and 8. 
We know the amount of ASE, PMD and RCD. So we use the forms on Slide 6 (with the A values determined by curve fitting the ECP curves for each degradation using the equation on Slide 7) and combining those individual ECPs using the sum on Slide 8. This ECPTotal is then used in the Equation for QR.
As you can see, the agreement between the calculated and direct measurement is remarkably good. We have included the Q = QR line (in red) to highlight the accuracy of our method.
The vertical line corresponds to Q = 3, the lower limit at which FEC will function. We see the agreement around this value is very good.
At Q values between 2 and beyond 10, the accuracy is very good. This corresponds to a BER range from 2x10^-2 to much less than 10^-15. Therefore, this technique covers all practical values of the BER.


Applications

e Has range of potential uses
— ASON path selection
* Need fast estimator of signal quality during path set-up
— Outage evaluation
* Probability of BER > set threshold

— Network control
« Control of network elements and path compensators

— Managing all-optical networks
» Replacing electronics with photonics
— How far can we go?
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Replacing electronics with photonics

« Electronic “bottleneck” is expected for date rates
> 100 Gbit/s

* But photonic signal Photonic vs CMOS switching energy
processing Is not 107 5 L v
competitive with CMOS 1077 A devices
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Optical label switching

 What about optical label switched routers (OLSRS)?

— Packet payload stays optical
« Use high bit rate payload

— Only the label Is processed
« Use low bit rate label

— These routers don’t need high speed electronics
* Reduce cost and power consumption

 WIll OLSRs avoid the electronic bottleneck?
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Optical label switched networks

e Packet based transport via Label Switched Paths (LSPs)
* No circuit switched transport layer
— Signal energy Is zero between packets et

T

Optical Label T T ‘
Switch Router time
(OSLR) —
¥ - Label Switched
— S Path (LSP
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Switch Router
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Presenter
Presentation Notes
Optical Label Switched networks are packet switched and do not have an underlying TDM layer, such as SDH. Consequentially, the transmitter power is zero between packets being transmitted into the network. This is shown in the upper power vs time plot. Also, in the network, different packets will traverse different paths through the network. Therefore, the packets that are incident upon an input port of a Optical Label Switch Router (OSLR) will have been subject to different degradations. This is depicted by the varying amplitudes of the packets in the power vs time plot.
lThe figure at the bottom depicts an OLSR network with edge routers (yellow) that take in IP packets, place a labe. onto them and launch them into the network. The OLSR’s (red) in the core of the network only electronically process the header. The payloads are not processed, only delayed and switched. The paths followed by the packets are Label Switched Paths (LSPs). These connect edge LSRs via OLSRs. 


Optical label switched router (OLSR)

Packet
—~ A ~ ] y New label
ayload Label L1 D sfpes L1
. Pay —L y Electronic Label
Higher Lower | OJE {-~-| processing - E/O | (Dittman et al. JSAC
bit rate bit rate (regen) No.7 2003, Yoo 2006)
[ R
LSP 2 LSP 1 payload LSP 2
payload |L2 p}ayload Li } Optical | payload |L2
LSP 3 Port k Payload Port n
payload |L3 delaying LSP 3 LSP 1
> and : :
iy payload |L3’||payload |L1
Portk+1l switching = >
/ (No regen) |Portm
Port N k /

Eliminate high speed electronics from router
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Presenter
Presentation Notes
This is the layout of a traditional OLSR used in test beds around the world. The incoming packets consist of a label (L) and payload. The label is separated and electronically processed. This is done to determine the output port to which the payload has to be switched and to construct the label to be attached to the output packet. The packet payload is not processed, it is merely delayed and switched. Therefore, the label is regenerated at each OLSR where as the payload is not. 
Also, the label almost always is at a bit rate that is much less than the payload. Typically ¼ of the payload bit rate. This is done to remove any high speed electronics from the router, there-by reducing the cost and power consumption of the router. So, a router operating with, say, 40Gbit/s payloads only needs 10Gbit/s electronics to process the labels.


®)
Payload bit error rate (BER) monitoring

e Must monitor payload BER

e Transporting damaged payloads wastes resources
— Damaged payloads reduce service guality
— System alarms, fault location

e Multiple LSPs are input into each LSR port

— Port traffic
e Asynchronous
— Varying length packets
— Varying time between packets
« Varying signal quality
— Different LSPs follow different optical paths
» Subject to different degradations
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Presenter
Presentation Notes
Networks must be monitored to ensure the integrity of the traffic they are transporting.
Monitoring the traffic at the input of an OLSR is very different to monitoring traffic in a current technology TDM network. OLSR input port traffic is asynchronous because the packets are of varying length and the time between packets is also varying. The packets will also have different quality. Although the packets corresponding to a particular LSP flow may have the same level of degradation, each port has packets from multiple flows incident upon it. So, the type of monitoring used in current TDM based network will not work because they assume all the incoming traffic is from a single source and has been subject to roughly the same degradation.


Payload BER monitoring

e Optical layer monitoring

— Easily implemented in circuit switched transport layer
* Tones, digital encoding, low frequency modulation

— Not available in packet based transport network
— Must be low cost

e \What can be done in OLSR networks?

e Yang et al. (2004) propose monitoring label BER to
ascertain payload BER

— Label electronically regenerated at each OLSR
» Label & payload signal quality become unrelated
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Presenter
Presentation Notes
Signal monitoring methods used in today’s TDM circuit switched networks will not work. Any monitoring solution must be cost effective. (You can monitor anything if you have infinite dollars to spend.) 
To address this, Yang et al. proposed monitoring the label to estimate the BER of the payload. In their paper, they only considered a point to point link, not a multi-node LSP. The problem with the Yang paper is that as soon as the signal passes through and LSR, the label is regenerated and the payload is not. So, the signal quality of the label will be unrelated to that of the payload.


The challenge

Must monitor payload error rate
— Errored payloads waste resources

Payload remains optical
— Cannot optically measure of payload error rate

Cannot use circuit switched network methods

— OLS network is packet transport
* No circuit switched transport layer

One proposal is to monitor the label
— But routing label is regenerated at every node

What about a two part label?

— Let us see
> IBES
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Presenter
Presentation Notes
This is just a summary:
We must monitor the payload error rate
The payload remains optical and and its error rate cannot be optically measured with current technologies
We cannot use circuit based TDM methods because there is no underlying TDM layer
The only proposal to date will not work because the label is regenerated at each OLSR
A rather obvious possible solution is to add a second (low bit rate) label that is not regenerated at each OLSR and use that to monitor the payload


Two part label

Short Short Long (e.g Ethernet frame)
Label 1 Label 2 Payload
Bit rate, BR, Bitrate, BR, Bitrate, BR, = BRy/ k
R T~
Not regenerated
| Lapel1 |ISregenerated at each OLSR

— Used for routing packet stream only

o Label 2

not regenerated at each OLSR

— Used for payload monitoring
 E.g. Check-sum, BIP-8

* BR, =BR,/k(k=24,.)
— Eliminate high speed electronics from router
— Reduce cost & power

§4 oy IBES
\,@.1 ® Institute for a
HE UNIVERS| ..

A.gufgggé; ¢ Broadband-Enabled Society

Swinburne 1.ppt

19


Presenter
Presentation Notes
We attach as second label to the packet. This label is only sampled and monitored, it is not regenerated at each node. The idea is that this label will degrade along with the (high bit rate) payload and provide a method of monitoring the payload without signal processing the payload.
We assume the label bit rate, BRL, is smaller than the payload bit rate, BRP. This is to avoid high speed electronics in the OLSR, in accordance with the desire to minimise cost and power consumption.


Label BER & payload BER
Packet Error Rate (PER) for packet N, bits long
PER =1-(1-BER)"" ~ N, - BER

Need PER,; ;. ~ PERPayload

— Otherwise will not detect errored payloads quickly
enough
* Very many errored payloads before an errored label is detected

— Hence: N,BER, ~ N, BER,
Also want N, << N,

— Maximise customer paying traffic
Hence require BER, >> BER,
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Presenter
Presentation Notes
We want to monitor the probability the payload has errors. This is given by the “packet error rate” (PER) of the payload. The PER of a packet with N bits is given by the top equation.
We need PERLabel ~ PERPayload otherwise there may be heaps of errored payloads and it will take too long to pick up on the errored labels to provide a timely measure of the payload errors.
Of course, we want the number of bits in the label to be much less than in the payload because the payload is customer paying traffic where as the label is not.
From this we get the requirement that, for us to use the label error rate to monitor the payload error rate, we need the error rate of the label to be much greater than in the payload.


ECP, impairments & BER

o ECP exhibits known relationships to impairments
— EXxpressed as function of signal bit rate (BR)

ECP,(kxBR)~k'"*ECP,.(BR) ASE

k2
ECPF, ,(kxBR) ={ECBaCD(BR)} Fibre dispersion
ECP,,(kx BR)=| ECP, ,(BR)}" PMD

e For non-return to zero intensity modulated signal
BER is function of Q-factor

BER =~ Yserfc(NO/2)
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Presenter
Presentation Notes
The really nice thing about the ECP is that there has been heaps of work done on characterising the ECP for most degradations. This is because the ECP is relatively easy to measure.
We have chosen 3 degradation mechanisms, but the ECP has been published for many more. Eg: cross talk (homodyne and heterodyne), cross phase modulation, self phase modulation, 4 wave mixing, etc.
The three we have focused on are: Amplified Spontaneous Emission, 1st order PMD (i.e. Differential Group Delay) and Residual Chromatic Dispersion. Each of these has a well catalogued and well understood relationship between the degradation parameter (OSNR for ASE, DGD for PMD, residual link dispersion for RCD) and the resulting ECP for that degradation alone. NOTE: the relationships we use are for each degradation mechanism operating alone. 
In this slide, we have shown that the simple relationships provide very a accurate measure of the ECP. These plots were derived from VPI with the link subject to each degradation alone. The x-axis is the corresponding parameter value for that degradation. We have included the R-squared value to show that these simple equations provide a very good measure of the ECP.
We now need the A parameters in the equations. This is the focus of the next slide.


ECP, impairments & BER

* Using our equation for O,

_ G-Q,-ECP
1+0, (G-ECP-1)

Or

where:
* When BRp, 1,00 = k*BR; ,;,; We find

-1
-2 : : :
QR,Payload ~ k QR,LabeZQT |:QT o QR,Label:| (Flbl’e dlsperS|on, PMD)

QR’Palead ~ ((QR,Label —1)(1 + X) + kl/z )|:k1/2 n (QR,Label —I)XJ

| (ASE)
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Presenter
Presentation Notes
This is where we get to the heart of the presentation. This equation can be derived from the equations for Q (in the redrafted form I mentioned in the notes to slide 3) and the equation for the ECP. The derivation, although relatively straight forward, is too long to include in the paper.
The important detail of this equation is that it gives an estimate of the Q-value at the receiver (and hence the BER by using the equation on slide 2), given the transmit Q value (which is typically > 20), the ratio of the transmit and receive powers (which can be estimated from the path loss/gain budget) and the ECP for the various degradations in the link. This information will be available from the design parameters for the link. So, we can use this equation to estimate the link BER from a simple set of link parameters without the need for a system simulation.


o

Results

« Label monitoring may work for ASE alone
— Falls for other degradations

1
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Presenter
Presentation Notes
Using some maths, we can derive a relationship between the Q-factor at the receiver and the signal bit rate for a given degradation. This gives us the ability to plot the relationship between the payload BER and label BER.
In this plot we have mapped out these relationships. We have only done the relationship for k = 2 and 4. (Bit Rate Payload = 2x and 4x Bit Rate Label). The x axis is the label BER and the y axis the Payload BER. The top two plots are k = 2 and k = 4 for signals subject to the same amount of PMD or fibre dispersion. We see that the payload  BER may be around 10^-3 (on the verge of FEC failing) or worse and the label BER is still around 10^-15, almost too low to measure. Therefore, this approach is of no use in links with PMD or fibre dispersion.
For ASE, the relationship is much more even. That is, we could possibly use the BER of the label to estimate the BER of the payload, as was done in Yang et al.
In the plot I have indicated 3 regions: 1) Pink: For any link with payload BER > 10^-3, the link will be considered as failed. 2) Grey: For BER < 10^-15, the BER is too low to measure. 3) Green: BER Label > BER Payload. Also indicated is the line for BER Label = BER Payload.


S
Results

e Label monitoring requires k=1
— May as well directly monitor the payload

e \What can be done?

— “Accelerating” very low BER, measurements will not work
» Require circuit switched transport layer

— Different label modulation format will not work
« Different degradation mechanisms will determine BER,

— Asynchronous monitoring of payload is feasible
e Can accommodate asynchronous nature of LSP traffic
» Requires detector electronics at payload bit rate
« Monitor analysis can be a low speed
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Presenter
Presentation Notes
The results of our analysis indicates that we need k = 1 for the label to provide any form of reasonable measure of the payload BER. This means that we may as well monitor the payload and we therefore require electronics at the high bit rate of the payload.
There are some proposals around for measuring very low BERs. Can we use them? Unfortunately not because they require an underlying TDM transport layer. 
Using a different modulation format, one that is more sensitive to degradations, we run into the problem that different formats are more or less sensitive to different degradation mechanisms. So, we may find that we are monitoring the wrong degradation for the payload modulation format.
One possibility is asynchronous monitoring (i.e. the MIM). Because these are not synchronised to the signal bit rate, they can cope with the asynchronous nature of OLSR traffic. However, the detector and front end electronics must be at the payload bit rate, so we cannot eliminate high speed electronics. However we can minimise them because the monitor data can be analysed using low speed electronics. 
Monitoring OLSR traffic using asynchronous monitoring requires future development to ensure the date for the different LSPs is kept separate for analysis.


Technique summary

Accurate method to estimate receive Q-value for
simultaneous multiple optical impairments

Method requires calibration for separate
degradation mechanisms

— Can then be applied to arbitrary combinations of multiple
degradations

Quick, simple and cheap
Multiple applications
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Presenter
Presentation Notes
We have developed a simple, accurate method for estimating the receive Q-value for optical links with multiple degradations. This method does not require expensive and complicated computer simulations. It is simple and direct.
Once the receiver is calibrated for each of the separate degradation mechanisms you need to include, this technique can accommodate any combination of those degradations acting together.
We have already used this tool in a range of applications. The list is a few examples. The details are in Jon Li’s PhD and the publications he has written during his PhD. 
Although Jon has finished, we can see extensions of this to other modulation formats (we have done preliminary work on RZ and DPSK), other degradations (non-linearities, cross talk etc) and high bit rates (40Gbit/s and 100Gbit/s).

Thanks again.
Kerry
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Application summary

Payload monitoring in OLSR networks Is essential

Circuit based monitoring technigues not applicable
— Due to packet nature of LSP traffic

Monitoring lower bit rate label will not work

— Can have BER;, ~ 0 and BER, ~ 1
e Label is OK but payload ruined

Direct asynchronous monitoring of payload is
feasible
— Cannot totally eliminate high speed electronics
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