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Revision History

Version
Date 
Comments

V1.0
4 November 1999
Sanitized version for public release.

V2.0
30 Nov. 1999
Changes to the SONET pointer loss (worst case considered).

V3.0
12 January 2000
Changes to the WAN PHY framing state machine (Fig.3), and the associated probability calculations.

1. Introduction 

In Nortel Networks proposal for 10 Gigabit Ethernet, herein called 10GE WAN PHY, the Ethernet MAC frame is first encapsulated using <Length> <Header Check Sequence> chains, and then, is mapped into the SONET payload envelop. An alternative approach, like with Gigabit Ethernet, would take the MAC frame and encode it using 8B/10B encoder, and transmit the bit streams on the fiber link. 

The delineation schemes proposed in 10GE WAN PHY, and 8B/10B encoding are studied in this document, and their performances are compared to each other. The performances of these framing schemes are calculated by measuring the following statistics on a physical link with a specified Bit Error Rate (BER): 

· Mean Time To Frame (MTTF)

· Probability of Loss of Frame (PLF)

· Probability of False Framing (PFF)

· Probability of Rejecting False Frame (PRFF), only applicable to SONET framing

2. 10GE WAN PHY


Figure 1
, the IEEE 802.3 MAC frame is scrambled using a self-synchronous scrambler (SSS) with the polynomial of X43 + 1. Next, the frame is delineated using  <length><Misc><hcs> fields, and the resulting frame is scrambled using a periodically frame synchronized scrambler (FSS) with the polynomial of X7 + X6 + 1. At the receiver side, these processes are performed in reverse. 
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    2 Bytes     6 Bytes



Figure 1: Block diagram of 10GE WAN PHY frame encapsulation/delineation.

In 10GE WAN PHY, the framing is done in two steps:

· Encapsulation using  <length><hcs> chains

· SONET framing 

We analyze the performance of each individual step, and then, combine the results to obtain the overall delineation performance of 10GE WAN PHY. 

2.1 Encapsulation Performance

The frame encapsulation is done using <length><Misc><hcs> chains, where <hcs> stands for the Header Check Sequence, and is generated using CRC-16. A single bit CRC-16 error correction is also enabled.

As shown in Figure 2, the length of the current frame is used to point to the end of the payload data, and the beginning of the next frame. 



Figure 2: 10GE WAN PHY frame delineation.

To find the frame length field for the first time (at power up, or when the frame is lost), a byte-by-byte search is performed to find a valid header, where the last 16 bits in the header is the CRC-16 calculated over the first 64 bits. To reduce the probability of random occurrence of this, the framing is not complete until two consecutive correct headers are found. 

More details are shown in the state transition diagram of Figure 3. The state transition diagram consists of 4 distinct states: Hunt, Presync, Sync_Correction, and Sync_Detection. In the Hunt state, the framer searches for a sequence of 80 bits that is a valid header. This search is performed on bit-by-bit or byte-by-byte basis, and without correction of the errors detected. Upon finding such a sequence, the framer transits to the Presync state, and determines from the length field how many bytes there are until the next header. When this number of bytes has passed, the framer then checks the next 80 bits to see if it is also a valid header (again without error correction). If it is not, the framer returns to the Hunt state. But if a valid header is found, the framer moves to the Sync_Correction state, and at this point, it is considered in frame. In the Sync_Correction state, the single-bit error correction on the header is enabled. However, once a single-bit error is corrected, the framer moves to the Sync_Detection state. In the Sync_Detection state, a correct header returns the framer back to the Sync_Correction state. But a single-bit (or multi-bit) error forces the framer to the Hunt state. 

If at any time in the Sync_Correct or Sync_Detect state multi-bit errors are detected, the framer transits to the Hunt state, and attempts to reacquire frame synchronization.












Figure 3: WAN PHY framing state machine

The following characteristics are considered in our analysis: 

· BER is 10-12. 

· Link bit rate is 10Gbps.

· Two CRC-16 matches are required to get the framer in the Sync_Correction state.

· The header length is 10 bytes (CRC-16 is calculated over the first 8 bytes of the header).

· Single bit CRC-16 error correction is enabled in the Sync_Correction state.

2.1.1 Probability of Loss of Frame (PLF)

It is worth to note that at the receiver side, the frame is first delineated using the <length><hcs> fields, and then descrambled using the self-synchronous descrambler (X43 + 1). As a result, the error duplication characteristic of the self-synchronous descrambler does not have any impact on the frame delineation.

PLF is directly a function of BER. Once synchronization is achieved, single bit error correction is activated. The framer stays in synch under any of the following conditions: 

(a) the header has no error

(b) the header with a single-bit error is immediately followed by the header with no error

The probability of the frame loss is then

Prob (frame loss) = 1 – [ Prob (case a) + Prob (case b) ]

Since the header length is 10 bytes, 

Prob (case a) = (1-BER)80                                                             
Prob (case b) = [ (801)BER*(1-BER)79 ] * [(1-BER)80].

Therefore, the probability of the frame loss due to corruption in delineation will be 

Prob (frame loss)  = 1 – [(1-BER)80+ 80*BER*(1-BER)159].

By expanding each term to a power series, we obtain

Prob (frame loss) = 9560 BER2 - 922720 BER3 + 51007140 BER4 – 2.0269e9 BER5 + …

Assuming that for small BER’s, BER3 and other higher powers of BER are negligible, we get

Prob (frame loss) ( 9560 BER2
 Figure 4 shows the probability of the frame loss for 10GE WAN PHY. For a BER of 10-12 , the probability of the frame loss is 9.56 X 10-21. 

 Figure 4: Probability of the 10GE WAN PHY frame loss due to corruption in the Encapsulation Header.

2.1.2 Probability of False Frame (PFF)

When parsing the frame byte-by-byte in search of a valid header, where the last 16 bits in the header is the CRC-16 calculated over the first 64 bits, it is possible that the pattern is found inside the payload data. False framing only happens when framing is lost and the framer is in the Hunt state. The probability of false framing is therefore the product of the probability of loss of frame and the probability of observing two consecutive CRC-16 matches:

Prob (false frame) = Prob (loss of frame) * Prob (two consecutive CRC-16 matches)

Prob (false frame) = PLF * 2-32 

At BER=10-12, PLF is 9.56X102-21, thus

Prob (false frame)  = 9.56X102-21 X 2-32 = 2.23 X 10-30.

2.1.3 Probability of Rejecting False Frame (PRFF)

Even if “false framing” happens (with the probability of 2-32), the framer does not stay synchronized for the coming frames unless it finds more CRC-16 matches. It could be an exact match, or a pattern that differs from the exact match in only one bit (since the single bit correction is enabled in the Sync_Correction state). The single-bit error correction capability of CRC-16 also includes the CRC field itself. This means that the probability of falsely staying in synch (immediately after false framing happens) is 

Prob (false synch) =  Prob( CRC match with single bit correction) = (33 * 2-16) = 5 X 10-4.

And the probability of rejecting false frame becomes

Prob (rejecting false frame)  = 1 – Prob (false synch) = 0.9995 .

2.1.4 Mean Time To Frame (MTTF)

Considering a maximum length of 1518 bytes for Ethernet frames, MTTF can be calculated as

MTTF = 3.6 * MaxPacketSize = 3.6*1518 = 5464.8 bytes.

That is equivalent to 4.4 (sec on a 10Gbps link.

MTTF = (5464.8 bytes * 8 bits/bytes ) / (1E10 bits/sec) = 4.4 (sec.

2.1.5 Summary of The Encapsulation Performance


Table 1
 summarizes the performance of 10GE WAN PHY encapsulation for BER=10-12. The following formula is applied to calculate the “Mean Time To Frame Loss” (MTTFL) in the table:

MTTFL = 1/(PLF * FrameRate),

where, PLF is the “Probability of Loss of Frame”, and FrameRate is 

FrameRate = (effective data rate in bits/sec) / (FrameLength in bits).

Assuming an average frame length of 500 bytes (including all headers), and considering one Idle PHY frame between user frames (note that the Idle PHY frames also count as frames in calculation of PLF), the average frame length will be 

FrameLength = (500 + 10)/2 = 255 bytes.

The FrameRate becomes

FrameRate = (9.58464 Gb/s) / (255 * 8) = 4698353 frames/sec.

And the Mean Time To Frame Loss is 

MTTFL = 1/(PLF * FrameRate) = 1/(9.56e-21 * 4698353) = 705976 years.

Scheme
Mean Time To frame
Prob. of Frame Loss
Mean Time to Frame Loss
Prob. Of False Framing
Prob. of Rejecting False Frame

Encapsulation
4.4 (sec
9.56 X 10-21
705976   years
2.23 X 10-30
0.9995

Table 1: Summary of 10GE WAN PHY Encapsulation performances (BER = 10-12, Link Rate = 10 Gbps, Maximum Packet Size = 1518 bytes, and Average Packet Size = 500 bytes).

2.2 SONET Framing Performance

10GE WAN PHY uses OC-192c as its transport media. Performances of SONET framing are calculated in this section.

2.2.1 Framer Algorithm

The following is a typical framing algorithm used in OC-192 equipment:

When out of frame, the framer searches for frame by byte aligning using 2 A1 bytes, then requiring a perfect match to a minimum of 64 A1 bytes, and 16 A1/A2 bytes. It then confirms the frame position in the following frame by seeking a single-error tolerant match to 12 A1 bytes, and 12 A2 bytes. If a mismatch occurs in 4 consecutive frames, the framer declares a Severely Errored Frame (SEF) defect. 

2.2.2 Probability of Loss of Frame (PLF)

The SONET frame loss could happen due to the mismatch detected in framing marker (sequences of A1 and A2 bytes), or due to the pointer loss. We first calculate the probability of each individual loss, and then combine them to obtain the probability of the frame loss.

2.2.2.1 Loss of Frame Marker (A1, A2 bytes) 

When the framing is achieved, the framer monitors the current frame position by looking for a single-error tolerant match of 12 A1 bytes, and 12 A2 bytes. A Severely Errored Framing (SEF) defect is detected when the incoming signal has a minimum of 4 consecutive errored framing patterns. Therefore,

Prob (A1, A2 match, with single-bit error tolerance) = [ (1-BER)8 + 8 * BER * (1-BER)7 ]24,

Prob (A1, A2 mismatch) = 1 - [ (1-BER)8 + 8 * BER * (1-BER)7 ]24,

Prob (4 consecutive mismatches of A1, A2)  = [1 - [ (1-BER)8 + 8 * BER * (1-BER)7 ]24]4,

Prob (frame loss due to errors in A1, A2)  = [1 - [ (1-BER)8 + 8 * BER * (1-BER)7 ]24]4.

For small BER’s, this can be approximated to 

Prob (frame loss due to errors in A1, A2)  ( 3.26*1012 * BER8 .

2.2.2.2 Pointer Loss

Figure 5 shows the STS payload pointer structure, and its nominal values. As mentioned in [GR-253] section 3.5:

1- During normal operation, a normal NDF is sent (i.e. the N-bits are set to ‘0110’).

2- If a positive stuff is needed, I-bts are inverted.

3- If a negative stuff is needed, D-bits are inverted.

4- If the alignment of the SPE changes for any reason other than rules 2 or 3, the new pointer value is sent with NDF flag set to ‘1001’. This flag returns to its normal value of ‘0110’ for the subsequent frames.

5- Any variation from the current pointer value shall be ignored unless a consistent new value is received three times consecutively, or the variation is one of the operations in rules 2, 3, or 4.

6- If the pointer word contains the concatenation indicator (‘1001001111111111’), then the operations performed on this STS-1 are identical to those performed on the first STS-1 within the STS-Nc (here N=192). Rules 2 and 3 do not apply to this pointer (the concatenation flagffectively disables the pointer processing circuitry for this STS-1).

             H1                        H2                         H3
 

Bit Assignment                                                                              Negative Stuff Opportunity Byte

I   Increment   (Invert 5-I bits to show Possitive Stuff) 

D  Decrement (Invert 5-D bits to show Negative Stuff)

N  New Data Flag (The nominal value is ‘0110’)

-   Unused (The nominal value is ‘0 0’)

Figure 5: STS payload pointer (H1, H2) coding.

On a link with the bit error rate of BER, a pointer can be lost due to one of the following conditions:

1- An increment is requested, but it is lost. 

Prob (an increment is ignored) = Prob (an increment is requested) X Prob (the request is lost)

Under normal SONET network operation (+/- 4.6 ppm), a pointer adjustment does not happen too often (e.g. 9 adjustments per day). The maximum pointer adjustment frequency for the 10GE case is determined by the worst case clock frequency offset between a 10 GE timing domain (+/- 100 ppm) and a SONET/SDH timing domain operating in “degraded mode” (+/-20 ppm). The resulting worst-case possible frequency offset is 120 ppm.  In OC-192c, one pointer adjustment could happen for the first STS-1 containing 810 bytes. Since there are 8000 frames per second, a frequency offset of 120 ppm corresponds to 778 adjustments per second:


120e-6 X 810 X 8000 = 778  adjustments/sec.

This means 778 pointer adjustments per 8000 frames. If we assume half of these pointer adjustments are pointer increment, then

Prob (an increment is requested) = 778/2/8000 = 0.04863

To interpret an increment in the pointer value, an 8 out of 10 majority vote is accepted. This means 2 errors are tolerated in a 10-bit field, and the probability that the increment request is lost becomes

Prob (an Inc request is lost) = 1 – Prob(<3 errors in 10 bits)

                                 = 1- [(1-BER)10  + 10*BER*(1-BER)9  + 45*BER2  * (1-BER)8 ].

Therefore, the probability of ignoring a pointer increment becomes

Prob (an increment is ignored) = 0.04863 * [1- [(1-BER)10  + 10*BER*(1-BER)9  + 45*BER2  *  (1-BER)8 ] ].

Prob (an increment is ignored) ( 5.84 * BER3
2- A decrement is requested, but it is lost. Following the same calculations mentioned in Item 1, we obtain  

Prob (a decrement is ignored) = 0.04863 * [1- [(1-BER)10  + 10*BER*(1-BER)9  + 45*BER2  *  (1-BER)8 ] ].

Prob (a decrement is ignored) ( 5.84 * BER3
3- A New Data Flag (NDF) is set, but it is lost. The NDF indication requires 3 bit match (i.e it tolerates one error).  

         Prob(the request is lost) = Prob (> 1 error in 4 bits)

= 6*BER2* (1-BER)2+ 4*BER3* (1-BER)+ BER4 .
New Data Flag is provisioned as an operations action. Changes in path provisioning are typically infrequent. Here we assume once a year. Therefore, the above probability is negligible:

Prob (an NDF is requested) ( 0.

Prob (an NDF is ignored) = Prob (an NDF is requested) X Prob (the request is lost)

Prob (an NDF is ignored)  ( 0.

4- A concatenation flag is set, but it is lost. 

Prob (a concatenation is ignored) = Prob (a concatenation flag is presented) X                                                                                              Prob (the concatenation flag is lost).

In the case of OC-192c (the physical layer of our stawman), the concatenation flags are always presented:

Prob (a concatenation flag is presented) = 1.

In fact, there are 191 concatenation flags inside the Transport Overhead section. Once the concatenation indication is detected, mistaking it for something else can occur in one of the three ways:

(a) it looks like an AIS indication (all ones for 3 consecutive frames). Since the concatenation flag is ‘1001xx1111111111’, two bits must be in error, and the rest must be error free:

Prob(case a) = [BER2 * (1-BER)12 ]3,

Prob(case a) ( 0.0001 * BER10.         

(b) loss of pointer: 8 to 10 consecutive frames with anything other than AIS or concatenation flag (i.e one or more errors for at least 8 consecutive frames):

Prob(case b) = [1 -  (1-BER)14 ]8,

Prob(case b) ( 1.5E9 * BER8 .

(c) if it changes to a new pointer value, and remains the same for 3 consecutive frames. 

Prob(case c) = Prob(> 1error in 4-bit NDF field) X Prob (errors in the pointer field) X Prob (the same bits being in error for 2 more consecutive frames) 

Prob(case c)  = [ Prob(> 1error in 4-bit NDF filed) ]3 * (k=1..10 [ (k10) BERk * (1-BER)10-k ]3.

Prob(case c)  (1000 * BER4 .

We add the probabilities of cases a, b, and c. The result is further reduced by two factors. First, the concatenation flag must change to a valid pointer value (i.e. 0-782). The second factor is that the concatenation flag must be set for STS-1s 1, 4, 7, 10, …, 190 (If the concatenation flags in other STS-1s are changed, the pointer processor ignores them. It only raises an alarm). Since there are 64 STS-1s pointers that carry the concatenation flag, the probability of the flag lost is reduced by a factor of 64/191:

Prob (a concatenation flag is lost) = (783/1024) X (64/191) X [Prob(case a) + Prob(case b) + Prob(case c).

5- A new 10-bit pointer value is set, but it is lost. 

Prob(a new pointer value is ignored) = Prob(a new pointer value is set) X Prob (the pointer is lost).

    Prob (the pointer is lost) = 1 – (1-BER)30,           (Since a consistent new value must be                                                                                          received 3 times consecutively)

A new pointer is usually set due to protection switching (it does not happen so often): 

Prob(a new pointer value is set) ( 0.

Therefore,

Prob(a new pointer value is ignored) ( 0.

6- During the normal operation, where the NDF is set to ‘0110’, and the pointer value shows the offset of the SPE within the STS Envelop Capacity, if one of the following emulations occurs, the pointer is lost:

a)  A pointer increment is emulated. This needs one of the following situations:

· 5 errors in 5 I bits  (they are converted), and less than 3 errors in D bits

· 4 errors in 5 I bits, and less than 2 errors in D bits

· 3 errors in 5 I bits, and no errors in D bits

The probability of emulating a pointer increment is the sum of these three cases:  

Prob(emulating a pointer  increment) = 

(BER)5 * [(1-BER)5 +5*BER*(1-BER)4 + 10*BER2 *(1-BER)3 ] 

+ 5*(BER)4 * (1-BER) * [(1-BER)5 +5*BER*(1-BER)4 ] 

+  10*(BER)3 * (1-BER)2 * (1-BER)5 .   

Prob(emulating a pointer  increment) ( 10 * BER3 .

b) A pointer decrement is emulated. Following the same logic presented in case a: 

Prob(emulating a pointer decrement) = 

(BER)5 * [(1-BER)5 +5*BER*(1-BER)4 + 10*BER2 *(1-BER)3 ] 

+ 5*(BER)4 * (1-BER) * [(1-BER)5 +5*BER*(1-BER)4 ] 

+  10*(BER)3 * (1-BER)2 * (1-BER)5 .  

Prob(emulating a pointer  decrement) ( 10 * BER3 .

c) A New Data Flag is emulated. This needs 3 of 4 bits to be in error, and the associated pointer value to be a valid number (i.e 0-782):

Prob(emulating a New data Flag) = (783/1024) X Prob (> 2 errors in 4 bits) 

= (783/1024) * [4*BER3* (1-BER) + BER4 ].

Prob(emulating a New data Flag) ( 3 * BER3 .

d) A concatenation flag is emulated. This needs 3 consecutive matches to the14-bit concatenation flag: 10 bits of ‘1111111111’, and 3 of 4 bits of the NDF filed:


Prob(emulating a concatenation flag) = [ (4*(BER)3 *(1-BER) + (BER)4 ) * (0.5)10]3.  

Prob(emulating a concatenation flag) ( 3.7E-9 * BER9.                                             

e) A new pointer value is emulated. This needs that the pointer value is changed, and the change persists for 2 more consecutive frames. Assuming that only one bit of the pointer is changed (a single bit error):

Prob(emulating a new pointer value) = Prob(errors in the pointer) X Prob(the same bits being in error for 2 more consecutive frames)  = (k=1..10 [ (k10) BERk * (1-BER)10-k ]3.

Prob(emulating a new pointer value) ( 1000 * BER3. 

The probability of pointer loss is the sum of all the probabilities listed in Items1 to 6.  

2.2.2.3 SONET Frame Loss

The SONET frame loss is determined by the combined effects of “loss of frame marker (A1, A2 byes)” and “loss of pointer”. A SONET frame at the rate of OC-192 could contain an average number of 192 Ethernet frames (STS-192 payload envelop contains 192 STS-1’s, and each STS-1 contains 783 bytes of data, this is close to the average Ethernet frame length). Therefore, a SONET frame loss can be interpreted as loss of 192 Ethernet frames. To account for this, and to simplify the comparison of SONET vs. 8B/10B, we multiply the probability of the SONET frame loss by 192. 

Figure 6 shows the probability of the SONET frame loss for various BER’s. It also shows the probabilities of “loss of frame marker”, and  “loss of pointer”. Since the effect of “loss of frame marker” is negligible, the frame loss is dominated by the “pointer loss”, i.e.  

Prob (frame loss) ( 192 * Prob(pointer loss) .


Figure 6: Probability of loss of frame in SONET framing (Note: Total = 192*(Framer_Loss + Pointer_Loss).

2.2.3 Probability of False Framing (PFF)

When parsing the incoming frame byte-by-byte in search of the sequences of A1, A2 bytes (frame marker), it is possible that the pattern is found inside the payload data. The probability of random payload data emulating the framing pattern is 

Prob (false framing) = (0.5)(K*8), 

where K is the number of A1, A2 bytes in the pattern. Since the framing algorithm considered here looks for a minimum of 66 A1 bytes and 16 A2 bytes, K=82, and 

Prob (false framing) = (0.5)(656) = 10-197.

2.2.4 Probability of Rejecting False Frame (PRFF)

Even if “false framing” occurs (with the probability of 10-197), the framer declares Severely Errored Frame if it can not find a single error tolerant match of 12 A1 and 12 A2 bytes for 4 consecutive frames. 

Prob (first match of A1 A2 bytes with single bit error tolerant) = (9 * (0.5)8)24. 

Prob (first mismatch of A1 A2 bytes with single bit error tolerant) = 1 - (9 * (0.5)8)24. 

Prob (four consecutive mismatches of A1 A2 bytes) = [1 - (9 * (0.5)8)24]4. 

Prob (rejecting false frame) = [1 - (9 * (0.5)8)24]4 = [1- 1e-35]4 ( 1.

Please note that although the false framing is rejected with a probability of 1, it still takes 4 frame times (4 X 125(sec = 500(sec) to do that. 

2.2.5 Mean Time To Frame (MTTF)

Mean Time To Frame is calculated in [internal Nortel Networks document]. It is shown that for BER’s less than 10-6, the mean time to frame is 250(sec.

2.2.6 Summary of SONET Framing Performance

Table 2 summarizes the performances of SONET framing for BER = 10-12, and Link Rate =10 Gbps. 

Scheme
Mean Time To Frame
Prob. of Frame Loss
Mean Time to Frame Loss
Prob. of False Framing
Prob. of Rejecting False Frame

SONET Framing
250 (sec
3.34 X 10-31
2 X 1016  years
10-197 
(1

Table 2: Summary of SONET framing performances (BER = 10-12, Link Rate = 10 Gbps, Maximum Packet Size = 1518 bytes, and Average Packet Size = 500 bytes).

The following conclusions can be obtained from the numbers in Table 2:

· Frame synchronization (at power up, or re-framing) takes two SONET frames. 

· Once framing is achieved, it is not lost (it takes 1016 years to lose the frame).

· False framing virtually never happens in SONET framing.  

2.3 10GE WAN PHY Delineation Performance (Overall)

To obtain the 10GE WAN PHY delineation performance in overall, that includes both “Encapsulation” and “SONET Framing” performances, we combine the probabilities derived for each, using the following rules:

(Mean Time To Frame)overall = (Mean Time To Frame)encap + (Mean Time To Frame)SONET frm 

(Prob. of Frame Loss)overall = (Prob. of Frame Loss)encap + (Prob. of Frame Loss)SONET frm
                                             - [(Prob. of Frame Loss)encap  * (Prob. of Frame Loss)SONET frm ] 

(Prob. of False Framing)overall = (Prob. of False Framing)encap + (Prob. of False Framing)SONET frm
                                             - [(Prob. of False Framing)encap  * (Prob. of False Framing)SONET frm ] 

Figure 7 shows the components of frame loss in 10GE WAN PHY (Encapsulation, SONET framer, and SONET pointer loss), and the total probability of frame loss for various BER’s.

Table 3 shows a summary of 10GE WAN PHY delineation performance including both “Encapsulation” and “SONET Framing” for BER=10-12.

Scheme
Mean Time To frame
Prob. of Frame Loss
Mean Time to Frame Loss
Prob. Of False Framing
Prob. Of Rejecting False Frame

10GE Strawman
254.4 (sec
9.56 X 10-21
705976   years
2.23 X 10-30
0.9995

Table 3: Summary of 10GE WAN PHY delineation performances (BER = 10-12, Link Rate = 10 Gbps, Maximum Packet Size = 1518 bytes, and Average Packet Size = 500 bytes).

The following conclusions can be obtained from the numbers in Table 1 and Table 3:

· Frame synchronization (at power up, or re-framing) takes two SONET frames. Most of this time is spent to acquire SONET framing, rather than encapsulation delineation. 

· The 10GE WAN PHY performance is dominated by the “Encapsulation” performance. The physical layer framing (SONET framing) does not degrade the Encapsulation.


Figure 7: Probability of frame loss in 10GE WAN PHY.

3. 8B/10B Encoding

3.1 Introduction

The 8B/10B code space is divided into two groups of codes

1- The “D” group, used to encode data bytes,

2- The “K” group, used to encode special control characters

If the 8 bits of the given byte is denoted by ABCDEFGH, it is referred to by the shorthand /Dx.y/ (for data bytes), or /Kx.y/ (for special characters), where x is the decimal value of EDCBA, and y is the decimal value of HGF.

The 10B code-words are carefully chosen out of the 210 possible code groups so that the data codes never generate more than 4 consecutive ones or zeros, and never have an imbalance of greater than one bit (that is, the 10 bits in the code always comprise either 5 ones/5 zeros, 6 ones/4 zeros, or 4 ones/6 zeros).

Gigabit Ethernet uses the special characters listed in Table 4 to delineate the frame at Layer-1. 

Name
Description
Encoding

/I1/
Idle 1
/K28.5/D5.6/

/I2/
Idle 2
/K28.5/D16.2/

/R/
Carrier Extended
/K23.7/

/S/
Start of Packet
/K27.7/

/T/
End of Packet
/K29.7/

Table 4: Special characters used in 8B/10B delineation.

Figure 8 shows how the special characters are used to delineate the frame. The /S/  special character delimits the data bit stream, denoting the end of idle or inter-frame gap, and the beginning of the preamble (this is distinct from the Start of Frame Delimiter (SFD) used at Layer-2 to indicate the end of preamble and the beginning of the Destination Address). The /T/ special character denotes the end of the payload data (or burst of data), and the beginning of idle characters.

                                                             Layer-2 Encapsulation 



…/I2/I2/I2/S/D21.2/…………./D21.6/Dx.y/Dx.y/…………../R/R/…/R/S/D21.2/……….…/D21.6/Dx.y/Dx.y/…………../T/I1/I2/I2/….


                                                               Layer-1 Signaling 

SFD: Start of Frame Delimiter

IFG: Inter Frame Gap

Figure 8: Usage of special characters in layer-1 signaling with 8B/10B encoding.

3.2 Probability of Loss of Frame (PLF)

The probability of successfully delineating a frame at layer-1 is the product of:

1. Probability of correct detection of /S/ character (Start of Packet).

2. Probability of correct detection of either /T/ (End of Packet) or /R/ (Carrier Extension) character.

3. Probability of any of the special characters not emulating the /S/, /T/, or /R/ characters (resulting in false delineation).

4. Probability of the payload data not emulating the /S/, /T/, or /R/ characters (resulting in false delineation).

In our analysis, only a single-bit error is considered to happen in the pattern of interest. This is because for small BER’s, the effect of multi-bit errors is negligible. For a physical link with a bit error rate of BER, the probability of successfully detecting the true 10-bit start and end flags is for each: (1-BER)10.  So the probability of successfully detecting both will be (1-BER)20. 

The special characters used in delineating a frame in 8B/10B encoding, and their 10B code-words are shown in Table 5. Since all these code-words differ by more than a single bit, there is no chance of being emulated by each other. 

If single-bit error is not detected, random payload data can emulate /S/, /T/, or /R/ flags as follows:

· There are 4 data code-words that differ by only a single bit from /S/ (K27.7) character. They are D27.1 (RD-), D27.2 (RD+), D27.5 (RD-), and D27.6 (RD+).

· There are 4 data code-words that differ by only a single bit from /T/ (K29.7) character. They are D29.1 (RD-), D29.2 (RD+), D29.5 (RD-), and D29.6 (RD+).

· There are 4 data code-words that differ by only a single bit from /R/ (K23.7) character. They are D23.1 (RD-), D23.2 (RD+), D23.5 (RD-), and D23.6 (RD+).

Since 8B/10B encoding is capable of detecting single-bit errors using the Running Disparity (RD) check, the payload data can not emulate the delineation flags.

Prob (flag emulation) = 0

The probability of the frame loss is then

Prob(frame loss) = 1 – Prob(successful delineation) 

                            = 1 – (1-BER)20 .

Figure 9 shows the probability of frame loss for various BERs. At BER=10-12, the probability of the frame loss is 2 X 10-11.

8B Code
10B Code-Word (RD -)
10B Code-Word (RD+)
Description

K28.5
001111  1010
110000  0101
/Comma/

K27.7
110110  1000
001001  0111
/S/

K29.7
101110  1000
010001  0111
/T/

K23.7
111010  1000
000101  0111
/R/

D5.6
101001  0110
101001  0110
Used in /I1/

D16.2
011011  0101
100100  0101
Used in /I2/

Table 5: Some of the special characters, and their equivalent code-words.


Figure 9: 8B/10B frame loss due to the corruption in delineation.

3.3 Probability of False Framing (PFF)

Since 8B/10B encoding is capable of detecting single-bit errors using the Running Disparity (RD) check, false framing does not happen.

Prob(false framing) = 0 

3.4 Mean Time To Frame (MTTF)

MTTF is the average length of time that takes to perform framing for the first time after the power up. It is expressed in seconds, bytes, or packets. 

When a node powers up it looks for the delineation flag. The current frame must be passed before the framer could find the delineation flag at the end of the current frame, or at the beginning of the next frame. For random packet size, the framer has to wait for average time of 1 AveragePacketSize before it can see the delineation flag. After this average time is passed, a true 10-bit /S/ code-word can be found with the probability of (1-BER)10 . If the delineation code-word is not found at this point, the framer has to wait for another average time of 1 AveragePacketSize to be able to see the flag. But this happens with a probability of   

Prob (first code-word corrupted) * Prob (second code-word not corrupted)   =     (1 - (1-BER)10) * (1-BER)10.

Since for small BER’s the above probability is negligible, we assume a Mean Time To frame of 1 MaximumPacketSize (worse case) for 8B/10B frame delineation. 

3.5 Summary of 8B/10B Delineation Performance

Table 6 summarizes the delineation performances of 8B/10B framing. The following characteristics are assumed in calculation of the numbers shown on the table:

· BER = 10-12.

· 8B/10B Link Rate = 12.5 Gbps.

· Maximum Packet Size = 1518 bytes. 

· Average Packet Size = 500 bytes.

Scheme
Mean Time To Frame
Prob. of Frame Loss
Mean Time to Frame Loss
Prob. of False Framing

8B/10B Encoding
1.2 (sec
2 X 10-11
4.5  hours
0 

Table 6: Summary of 8B/10B delineation performances (BER = 10-12, Link Rate = 12.5 Gbps,  Maximum Packet Size = 1518 bytes, and Average Packet Size = 500 bytes).

4. Comparison of 10GE WAN PHY and 8B/10B Framing 

Figure 10 shows the probability of the frame loss for 10GE WAN PHY and 10GE with 8B/10B encoding.


Figure 10: The probability of frame loss for 10GE WAN PHY and 10GE with 8B/10B encoding.

Table 7 summarizes the delineation performances of 10GE WAN PHY and 8B/10B framing for BER = 10-12, SONET Link Rate = 10 Gbps, 8B/10B Link Rate = 12.5 Gbps, and Maximum Packet Size = 1518 bytes. The first row of Table 7 is taken from Table 6, and the second row is taken from Table 3. 

Schemes
Mean Time To frame
Prob. of Frame Loss
Mean Time to Frame Loss
Prob. Of False Framing
Prob. of Rejecting False Frame

10GE WAN PHY 
254.4 (sec
9.56 X 10-21
705976 years
2.33 X 10-30
0.9995

10GE 8B/10B Encoding
1.2 (sec
2 X 10-11
4.5 hours
0
Not Applicable

Table 7: Summary of 10GE WAN PHY and 8B/10B delineation performances

(BER = 10-12, SONET Link Rate = 10 Gbps, 8B/10B Link Rate = 12.5 Gbps, and Average Packet Size = 500 bytes).

The following conclusions can be obtained from the numbers in Table 7:

· Frame synchronization (at power up, or re-framing) takes longer in 10GE WAN PHY than in 8B/10B encoding.

· Frame loss in 8B/10B encoding is 10 orders of magnitude more frequent than the frame loss in 10GE WAN PHY (note that for shorter or minimum packet lengths, there is no significant difference to this result – refer to closeness of curves in Figure 9).

5. Frame Throughput 

The frame is first delineated at the receiver, and then passed to the higher layers to be examined for its payload data. The frame throughput is therefore affected by two factors: 

(a) random errors affecting the delineation schemes,

(b) random errors affecting the payload data.

Since the second factor is the same for all delineation schemes, we consider only the effect of the first factor in the frame throughput. 

To measure the degradation in throughput due to corruption in delineation, we define the following parameter:

Degradation_In_Thruput = (Nbr of bits lost) / (Nbr of bits transmitted).

In 10GE WAN PHY, the encapsulation (HEC check algorithm) dominates the delineation performance. Therefore, it is reasonable to compare the frame throughput of the encapsulation with the frame throughput of 8b/10b. 

When a frame is lost, we assume that a maximum of 1518 bytes is discarded (this gives us the upper bound on the degradation in throughput). The degradation in throughput then can be expressed as   

Degradation_In_Thruput = ( K*1518 * 8 ) / (MTTFL * BitRate)

Where, K is the number of frames lost, MTTFL is Mean Time To Frame Loss, and BitRate is the data rate in bits/sec.

We have already shown that 

MTTFL = 1 / (PLF * FrameRate).

Where, PLF is the “Probability of the Loss of Frame”, and FrameRate is 

FrameRate = (BitRate in bits/sec)/(FrameLength in bits).

Therefore,

MTTFL = 1 / (PLF * (BitRate/FrameLength)),

Substituting this in the original formula provides 

Degradation_In_Thruput =( K*1518 * 8 * PLF ) / (FrameLength in bits)

To calculate Degradation_In_Thruput, we need to know about the values of K and FrameLength. These values are different for 8b/10b and 10GE WAN PHY as explained below.

5.1 Degradation in Throughput for 8b/10b 

FrameLength is one of the parameter in calculation of Degradation_In_Thruput. Its minimum gives the upper bound, and its maximum gives the lower bound on Degradation_In_Thruput. We assume an average user frame length of 500 bytes (incuding all headers) to calculate a nominal value for Degradation_In_Thruput. 

Another parameter in calculation of Degradation_In_Thruput is K, the number of frames lost due to the corruption in delineation. K relates to the time that takes to acquire framing (i.e it is related to the Mean Time To Frame, MTTF). In 8b/10b, if the delineation is lost, it can be found on the next frame with a high probability. This means that corruption in delineation only corrupts one frame, thus  K=1.

Substituting the numerical values of FrameLength and K in the general formula gives

Degradation_In_Thruput = (1*1518*8*PLF) / (500*8) = 3 * PLF

5.2 Degradation in Throughput for 10GE WAN PHY

Assuming an average user frame length of 500 bytes (including all headers), and considering one Idle PHY frame between user frames (note that the Idle PHY frames also count as frames in calculation of PLF), the average frame length will be 

FrameLength = (500 + 10) / 2 = 255 bytes.

For 10GE WAN PHY, the Mean Time To Frame is about (3.6 * MaxPacktSize). This means if the delineation is lost, it takes about 4 more frames to acquire framing, thus K=5. Substituting the numerical values of FrameLength and K in the general formula provides

Degradation_In_Thruput = (5*1518*8*PLF) / (255*8) = 30 * PLF

5.3 Comparison


Figure 11
 shows the degradation in throughput for 8b/10, and 10GE WAN PHY. It is clear that if single-bit error correction is not enabled in 10GE WAN PHY, the frame throughput is more degraded than that of 8b/10b. However, 10GE WAN PHY with single-bit error correction performs orders of magnitude better than 8b/10b. In particular, at BER=10-12, the throughput degradation for 10GE WAN PHY with single-bit error correction is 8 orders of magnitude less than the throughput degradation for 8b/10b.

Figure 11: The throughput degradation for 10GE WAN PHY, and 8b/10b encoding.

Acronyms

BER

Bit Error Rate

FSS

Frame Synchronous Scrambler

HCS

Header Check Sequence

IFG

Inter Frame Gap

MAC

Media Access Control

MTTF

Mean Time To Frame

NDF

New Data Flag

PFF

Probability of False Framing

PLF

Probability of Loss of Frame

PRFF

Probability of Rejecting False Frame

RD

Running Disparity 

SFD

Start of Frame Delimiter

SONET
Synchronous Optical Network

STS

Synchronous Transport Signal

SSS

Self Synchronous Scrambler
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