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Abstract

DS1 (1.544 Mb/s) and DS3 (44.736 Mb/s) multiplex signals are the backbone of the mod-
ern North American digital telecommunications transport network, DS1 and DS3 lines are
also leased as private digital carrier facilities for use in customer networks. The raw bit
error rates (BER) of such facilities are often in the 19”7 to 10° range (1.2]. This is low in

ber of reasons to consider coding to guarantee ultra-low BER's of 102 10 10°'® and 10
protect aga nst anomalous rises in BER.

ing their framing sequences to bear the checkbits of a very high rate (0.9912) shortened
Hamming code. We then solve the frame alignment problem in conjunction with FEC
decoding. This strategy has been implemented in a 38k gate HCMOS VLSI gate array pro-
totype to demonstrate feasibility and to validate theoretical predictions of reframing speed
and BER reduction.

This thesis describes noteworthy aspects of the ASIC design, test methods, and results
including: continuously compensated syndrome computation (CCSC) for fast frame align-

a highly compact set of functional test vectors.

A laboratory test environment for system level testing and design validation was con-
measured in the laboratory agrees very closely with the theoretical BER improvement of
1360*(BER,,)? for DS3 and 2963*(BER;,)? for DS1. Measured out-of-frame detection
and re-frame times arc also observed to agree with the predicted values, resulting in a
speedup factor over conventional framing speeds of 4.9 for DS3 and 3.6 for DS1 by using
FEC framing,

Applications of the ASIC include dribble-error reduction in fibre system design. through-
and ultra-reliable leased lines for financial networking and automatic teller machine net-
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Chapter 1
Introduction

1.1 Motivation for DS1 and DS3 FEC
The DS1 (1.544 Mb/s) and DS3 (44.736 Mlvs) digital multiplex signals are the backbone
of the modern digital telecommunications transport network. DS1 and DS3 lines arc also
leased as private digital carrier facilities for use in customer networks. The raw bit error
rates (BER) of such facilities are often in the 10710 107 range [1,2]. While this is low for
voice, it may not satisfy the financial data needs of some customers (e.g. banks). One
method to guarantee ultra-low BER's of 10712 10 10"!® and t0 protect against anomalous
rises in BER on these systems is to implement a forward error correction (FEC) code in
the transmitted data. To incorporate an FEC code into a signal format, some additional bits
called checkbits are computed and transmitted along with the existing data. These check-
bits add redundancy to the data which can be exploited at the receiver to locate and correct
bit errors. However, the existing DS1 and DS3 signal formats have no spare overhead in
which to transport the additional checkbits of an FEC code. One cannot increase the DS |
or DS3 bit rates to accommodate the addition FEC overhead. Likewise, it is highly
mpractical to sacrifice payload information for checkbit transportation. This is due to the
plesiochronous multiplexing scheme used to construct the DS3 signal format from its DS2
tributaries. In this scheme, no specific DS3 payload position maps directly to a specific
position in a DS2 tributary frame, i.¢. sometimes a DS3 payload position is a DS2 data bit,
sometimes it is a2 DS2 stuff bit, and sometimes it is a DS2 overhead bit. Thus, selecting a
specific payload position at the DS3 level to transport FEC checkbits does not guarantee
positions to transport FEC checkbits for DS3 would require complete de-multiplexing
duwntnﬁ[ﬁl level to identify specific payload positions, re-multiplexing for transport,
iplexing for checkbit identification, and re-multiplexing before the errored bit
Mﬂmm this is impractical. However, it has been shown in [3) that it
is possible to incorporate an FEC code into the DS1 and DS3 signal formats where the
mmﬂwmmmmmmm«ulmuz

The F-bits contain a fixed pattern at specific locations in each frame. By scanning for this




properly de-multiplex the high rate digital signal into its lower rate components. However,
if the bits used for frame alignment are reused to carry the FEC checkbits, then an alterna-
tive scheme must be used to achieve frame alignment. The alternative scheme considered
in [3] is to solve the frame alignment problem in conjunction with the FEC decoding. To
meet existing DS1 and DS3 re-frame times, a new method for continuous syndrome com-
putation in the decoder is necessary, because the FEC codewords are so much longer than
the existing framing bit interval.

1.2 Issues Addressed in this Thesis

Previously, the work in [3] has shown that FEC codes can be incorporated into the DS1
and DS3 signal formats by reusing the F-bits to transport the checkbits of the code. In [3]
a canvemioml fﬁming syslem was analyzed fnr use as a benchms:k to compaie to FEC

Agﬂzfem;peed;wgfedﬁmnedmbgtmlmgmmxsmeeMwu
developed to recover the framing speed. Specific calculation of the CCSC compensation
functions for DS1-FEC and DS3-FEC were presented. Framing performance using this
decoding strategy was analyzed. However, [3] focuses on the theory and simulation of a
DS1-FEC or DS3-FEC system. In the present work we have achicved an actual VLSI sys-
mw:plemennnmaﬂohnnedmnmedhhonmpeﬁmmmulnfmbmhm

MfmofmmensummgnmvcmmnmgmvdMofamgm

HCMOS VLSI ASIC! which h has comrectly implemented the novel strategy of [3] for com-

bined framing and forward error correction (FEC) coding of the DS1 and DS3 signal for-

* FEEC Encadar Circult: FEC encoder design and circuit implementation to implement
FEC checkbit computation and F-bit replacement.

* FECDacader Clrcalt: FEC decoder design and circuit im :
Mwsmwmummm
MMﬁdmﬂmmﬂﬁ:Em

chitecture: Development of a re-configurable architecture which
ently re-uses internal encoder and decoder structures 30 that the ASIC implemen-
muomﬂhhﬁimnslwﬂlmﬂm
) painstian: Presentation of the gate count saving by using logic minimira-
mmm&mﬂmmmmmum
ble using traditional Kamaugh map techniques.
. ASI(: Decunentation: Specific details for ASIC implementation in t
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routing.

¢ Testability: Design for testability and the ASIC testing strategy both using Automatic
Test Equipment (ATE) and laboratory level testing.

 Performance: System level design validation and performance characterization for
comparison with theoretically predicted performance in terms of (i) framing perfor-
mance, (ii) error detection/correction capabilities, and (iii) BER improvement in com-
pletely random error environments.

1.3 Other Related Work

In other related work [1], a (224, 216) FEC code was applied to the DS3 tributary of a pro-
prietary 565 Mb/s fibre optic transmission system (FOTS) and shown to be quite effective
in combatting dispersion related BER floors. The checkbits for that FEC code were trans-
ported in available space in the proprietary format of the high speed optical signal. One of
the most significant aspects of the ASIC implementation now reported is that the checkbits
are completely contained within the DS3 (DS 1) signal itself and hence error protection of
the DS3 (DS1) can be provided end-to-end across a network regardiess of the medium or
system by which it is transmitted.

1.4 Applications of FEC for DS1 and DS3
The FEC ASIC hls a mimber of ipplications FEC signiﬁcantly reduces the power indef

lannnnfthep:egntDSSendeMauhtﬁmmgzzday-wnphufmfmm
from a DS3 tributary of a 565 Mtvs FOTS would be correctable. This included multiply-
errored seconds where the raw BER rose to about 10”7, In addition, when applied 10 each
tributary of an n x DS3 lightwave systc.n, an n-bir burst error correcting capability arises
at the optical level.

High speed packet protocols such as ATM require that the BER of the networks on which
theyopem:bevuylowmumavmddexmplicnimofmmverybymm
sion. At 10°7 BER, DS3-bomne ATM applications will require a packet retranss '
every 223 ms on average, perhaps seriously affecting throughput, especially whenpmpn
gation delays are high. Assuming a 50 ms NACK delay, another 2.2 Mbits will be owt-
standing before the transmitter realizes that a packet must be resent. The detailed effects of
such frequent retransmission on the variety of applications planned for ATM are unknow:
mmhmmmmqm Mup&neuwlymfﬁm:;




by-link basis. In sum, very low physical layer error rates may be important or at least
advantageous to for the success of high speed lightweight protocols, such as are the basis
of B-ISDN.

of facility degradation while the customer is still receiving a low (corrected) error rate [1].
Maintenance of the degraded equipment may conceivably take place before the customer
is even aware of the degradation because, as will be shown. at a raw BER of 10°6, the cus-
tomer will still observe BER=1.4x10",

1.5 Outline of the Thesis

The structure of this thesis is as follows:

Chapter 2 presents the necessary background. This includes (i) a description of the DS1
and DS2 signal formats, (ii) the conventional process for frame alignment using the F-bits,
(iii) Hamming codes for FEC, (iv) the development of FEC codes specifically for the DS
and DS3 signals, and (v) the mechanism by which frame alignment is achieved on the
FEC encoded DS] and DS3's.

Chapter 3 presents the design of the FEC encoder. This circuit computes the checkbits for
each FEC codeword and inserts them into the appropriate locations in the frames. The
functions of each module which make up the encoder are presented in detail. The manner
in which intemal circuits of the encoder are re-configured for DS 1 or DS3 compatibility is
presented for each module.

Chapter 4 discusses the FEC decoder design. The decoder is responsible for frame align-

encoder data blocks. The modules which make up the decoder to achieve these functions
are presented in detail. The elements of the design to implement re-configurable architec-
ture are highlighted in the discussions.

ASIC for both DS | and DS3 modes of operation. The probability generating function and
state transition diagram methods of [5] are used to estimate the re-frame time and out-of-
ison and validation of actual re-frame and out-of-frame detection times measured in the
Chapter 6 outlines

the functions of each.




Chapter 7 presents the results of the laboratory testing and design validation of the FEC
ASIC. The experiments consisted of three classes: (i) error detection/correction perfor-
mance when subjected to controlled errors, (i) error detection/correction performance
when subjected to completely random errors, and (iii) re-frame and out-of-frame detection
time measurements. These results are compared to the theoretical predictions derived in
Chapter 5 for both DS1 and DS3.

Chapter 8 covers other issues of the ASIC design which are not specific to either the
encoder or decoder.

Chapter 9 provides a summary of the work to develop the FEC ASIC. It also summarizes
the main performance results of the FEC ASIC. The chapter concludes with recommenda-
tions for future work. Included in this section are recommended modifications to the
design which may be desirable before going to production.



Chapter 2

Background

The chapter presents the relevant background for the concepts involved in developing the
DS1/DS3 FEC CODEC. These include: the basic DS1/DS3 signals and formats, conven-
tional frame alignment procedures, Hamming codes for FEC, the structures of the DSI1-
FEC/DS3-FEC codewords, the principle for FEC derived framing, strategies considered to
reduce reframe time in FEC framing, and the goal of re-configurable design for DS1 and
DS3 compatibie architecture.

2.1 Conventional DS1 and DS3 Signal Formats

2.1.1 DS1 Superframe Format

The DS1 is the primary multiplex signal in the North American digital signal hierarchy. It
is a 1.544 Mbv/s signal which is a byte interleaved multiplex of 24 DSO (64 kb/s) channels.
Each DS1 frame is 193 bits in length, consisting of 1 framing (F) bit, and 192 information
bits [6). Twelve DS1 frames are grouped together to form one DS1 superframe. The struc-
ture of the DS1 superframe is shown in Figure 2.1:

F) (192] F; [192] F3 [192] ... F)3 [192)
Figure 2.1: DS1 Superframe '
wlgreFl.F;.. Fu,ﬁethe 12 fﬁminzbitsusedfﬂfﬁiﬂﬂﬂimrnthemeeivﬁ.md

ugd for fnme and m,ulu—fnmg allgnment (Ser;unn 22) s the receiver to allow proper de-
multiplexing of the 24 DSO0's.

21.2 DS3 Masterframe
Thetﬁlupﬂmn“?%hﬁsugnﬂwhn:hnapﬂxmﬁeﬂmﬂhpkxof?pbﬂo-
MEmeénm:muwxumVMmmmgmmmu
a leased line for ATM and frame relay wide area networks. The structure of the DS3 mas-
ter frame is shown in Figure 2.2 (7):
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Figure 2.2: DS3 Masterframe Format

where [84] is 84 bits of payload information from the DS2 tributaries. The remaining bits
are the overhead (OH) bits of the DS3 masterframe. Each line in Figure 2.2 is a basic DS3
frame. Frame alignment (Section 2.2) to the basic DS3 frame is achieved by searching for
the periodic 1-0-0-1 pattern carried in the primary framing (F) bits. The DS3 masterframe
is composed of seven frames as shown in Figure 2.2. The #* frame in the masterframe car-
ries the stuff control indications (C-bits) for the i DS2 tributary. Masterframe alignment
is achieved using the X-X-P-P-Mjy-M;-M, patiem at the first bit position in cach DS3
frame of the masterframe. The M and M, carry fixed 0 and 1 values. The P bit is the par-
ity over the information portion of the preceding master frame. The X-bit is a signalling
bit which may be used as an alarm service channel. Both of these bits are duplicated for
integrity.

The DS2 tributary rate is nominally 6.312 Mbit/s but the actual frequency may vary by +/-
30 ppm. To accommodate for these deviations, a pulse stuffing multiplex technique is
used. In this technique, the multiplexer is run at a rate slightly higher than the sum of the
maximum expected tributary rates. Provision is made for the occasional addition of a stuff
bit (which carries no information) to the multiplexed data stream to adapt each individual
tributary rate (8). The addition of a stuff bit can take place only once per masterframe for
each DS2 tributary. The presence of a stuff bit for tributary i is indicated via the stuffing
control bits C;;-C;3-C;3. If a stuff bit is present, then each of these bits is set to 1, other-
wise they are set to 0. The C-bits are triplicated for single error protection and “2 of 3
majority” decoding is used to determine the presence of a stuff bit.

2.2 Frame Alignment in a Digital Muitiplex System

To properly de-multiplex the high rate digital multiplex signal into its low rate compo-
nents, the receiver must be aligned to the frame boundary of the incoming digital signal.
The process by which this is achieved is know as frame alignment. Frame alignment is an
essential process in any digital carrier system. The information presented in this section is
largely derived from [3] and [S). The finite state machine shown in Figure 2.3 outlines the



frame alignment process.

Figure 2.3: State machine outline the frame alignment processes
The following are the four states of the diagram.
INF (In-frame): The framing circuit is aligned to the correct frame boundary and
believes this to be the case
MF (Mis-frame): The framing circuit is aligned to the correct frame boundary but
does not believe that this is so
OOF (Out-of-frame): The framing circuit is not aligned to the frame boundary and
believes this is the case
FIF (False-in-frame): The framing circuit is not aligned to the frame boundary but
falsely that it is aligned
There are four relevant transitions in the state diagram, reframe (RF), out-of-frame detec-
tion (OFD), misframe (MF), and false-in-frame (FIF).

Reframing is required to effect the transition from the OOF state to the INF state in Figure

The reframing procedure consists of two phases, search and confirmation. In DS1 and
DS3 signals, frame alignment is conventionally achieved via serial search for the distrib-
medfmng pmncamed:ttheﬁ:mnhmht(F—ht)pmhmmn

muupxedmummmnfmmmm:: FOVision

held as a frame candidate. A confirmatiot mmmmnﬁmm

persists in Cp, subsequent frames, where Cy, is the confirmation threshold. If so then frame
ignment is declared, otherwise the search process resumes. For DS1 and DS3 the value

of Cy in the c-successive-count is typically 12 t0 20. The relstively high confirmation




level serves to prevent the framer from locking onto a position where random data mimics
the expected framing pattern, i.e FIF.

The reframe time is the amount of time it takes for the framer to re-establish the INF state
from the instant that OOF is declared. In the worst case, the framing circuitry must begin
searching forward for the correct frame boundary one bit afier the true frame alignment
position. This is the maximal length search case. In this case, n-/ positions must be
rejected as the frame boundary before the framer arrives at the true frame aligned position.
If bit errors corrupt the F-bits during the confirmation phase they will implicitly force a

is initially facing a maximal length search including the effects of errors is the called max-
imum average reframe time.

It is possible for random data to mimic the frame alignment pattern carried by the F-bits. If
the framer encounters a mimic of the frame alignment pattern during the search phase, it
will dwell on that position as a frame candidate. If the mimic persists at subsequent frame
intervals more times than the reframe confirmation threshold, Cg, then the framing circuit
will believe it has located the frame boundary and falsely declare that it is in-frame. The
average time to such a declaration is known as the false-in-frame (FIF) time. However, Cg

the maximum average reframe time as short as possible.

once the system is in-frame (INF). When the system is inframe, the framer continually
checks for the expected frame alignment pattern in the F-bit positions. There are two com-
mon strategies for OOF detection. In the first, called the Co-out-of-k scheme, frame loss is
declared when a fraction of consecutive F-bits are in error, such as 3-out-of-5 or 4-out-of-
7. In the second strategy, called the Cq successive count scheme, frame loss is declared
when Cq successive F-bits are in all error. The former scheme is used for OOF detection
in conventional DS1 and DS3 framing systems.

OOF condition after it has actually occurred. The OOF detection time depends on the



valu: of C@ Italso depends on the prﬁbgbility that rmdom data at the misa]igned pesitian
makes it appear to !he t'rmmr that it is su!! mt‘,mms ;hus del:aymg th; OQF cjeclnrauon

Multiple corruptions of the F-bits due to line errors in transmission can make it appear to
lhe framer that it has lost frame and declare OOF even when it still aligned to the correct
frame boundary. The average time between such declarations for a given BER is the mis-
frame time. The Cp value is chosen to give reasonably

making mis-frames extremely infrequent.

2.3 Hamming Codes for Forward Error Correction

To add error correction and detection capabilities to the DS1 and DS3 signals, Hamming
codes are used. Hamming codes were selected because (i) very high rate codes are
requifed f'ar the DS1 and DS3 fj ats (09‘94-8 DS1; 09918 DS3) and (ii) the gnccdmg

back shift reg:stcrs which nmplem:m pnlymnual division [9].
A perfect (n, k) Hamming code satisfies the following relation:

nk)=2M.1,2™.m-1) (2.1)
where k is the number of message bits (i.e. the number of information bits) and n is the
lolﬂnumb:rofbimme:dierFECenmdedcodewmdbhck Thusdieremn-t-mch:ck—

bits in each codeword. The checkbits add redundancy to t -
cmhe:xplmtedﬂthemlmmdﬂﬁtmchcm Hmngeaﬂeshavemngle

The checkbits for an (n-k) Hamming code are computed as follows:
(i) Construct the message polynomial U(x) where the message bits are the coef-
ficients of the terms in the polynomial and the most significant message bit is
the coefficient of the highest order term in U(x).
(i) Multiply U(x) by x** (Pad out zeros to create positions for the checkbits).
(iii) Compute the remainder, B(x), of the polynomial division of x™* U(x) by the
i ible generator polynomial for the code, G(x). The coeflicients of B(x)
nﬂ:cﬁtﬂ:hﬂ:l’ﬂcm

The systematic form [9] of a Hamming code codeword is:




x"k U(x) + Bx) 2.2)
i.e. all message bits followed by all checkbits in order. During transmission, the Hamming
code codeword in (2.2) may be subjected to errors. At the receiver, the received word
(potentially corrupted by errors) is denoted as R(x). The process of decoding a Hamming
code is to compute the remainder of the polynomial division of R(x) by G(x). This result is
f:alled the syndmme fﬂf the received word. If the syndmme is zero (all bits of the syn-
dmme contains some non-zero b!ts). the cudeword contains an error and th: va!u: nf lhc
syndrome can be used to determine the location of the error (if a single bit error has
As noted previously, Hamming codes have single error correcting capabilities. Double
error detection (DED) capabilities can be added to the code with the addition of a single
overall parity bit. Such an (n+1, k) code is called an extended Hamming code.
When a perfect Hamming code of length given in (2,1) does not apply for a particular sys-
tem design, it is possible to shorten a code to meet the design requirements. A Hamming
code can be shortened by a number of bits, /, to create an (n-/, k-/) shortened Hamming
code by using only those codewords in the full length parent code where the ! most signif-
icant bits are equal to zero. In practice, the / leading zeros are not transmitted as they carry
no information. The encoding and decoding of an (n-l, k-/) shortened Hamming code can
be performed using the same encoding and decoding circuit structures as for the parent
code because these [ leading bits do not affect the checkbit and syndrome computations.
The circuits for error location require some slight but simple modifications to work with

The DS1-FEC code developed here is a (2316, 2304) shortened Hamming code obtained
from the (4095, 4083) full length parent code. The 12 checkbits are transported in the 12
F-bit positions of the DS1 superframe. It can easily be checked that this is the smallest
number of DS1 frames over which a code is feasible given oaly one checkbit every 192
message bits. The structure of each DS 1-FEC codeword is shown in Figure 2.4:

byy [192] by [192) by [192) ... by [192)
Figure 2.4: DS1-FEC Codeword Format

where by, b, ... b,,nﬂnlzmlpﬁcmmmm"uumw
nificant checkbit) and [192] is the payload of one DS frame. Note that the dimensions of
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lhis code exictly match the DS1 SF fm superfram of 12 frames

word is not in systematic form. Th: fol!owmg meduc:ble. pmmuvc generator polyncm!gl
was selected from [9] for the DS1-FEC code:

G(x)ps| =x24+x8+xtexe1 (2.3)

The DS3-FEC cnde developnd here is a (!360, 1343) shortened and extended Hamming
code, shortened from the (2047, 2036) full length parent code and extended for double
error detection (DED). A codeword covers exactly two DS3 frames and uses all F-bits and
two of the three existing C-bits in each frame. In the conventional DS3 format, the C-bits
arc triplicated to protect against single bit errors, in the stuff indication mechanism (Sec-
tion 2.1.2). With the FEC code, triplication is unnecessary so 2 of the 3 C-bits in each
frame are re-used in the code design. The remaining C-bit in each frame continues to con-
vey stuff control indications. The structure of the DS3-FEC codeword is shown in Figure
25

Vi [84]bjo[84]C; [84] by [84] by [84] by [84] by [84] bs [84]

Vie1[84]b4 [84]1C;,(84] by [84] b, [84) by [84] by [84] b, [84)

Figure 2.5: DS3-FEC Codeword Format

where by, by, ... , bjo (MSB=b)) are the 11 checkbits of the Hamming code, b, is the
overall parity bit to provide DED, [84] is 84 bits of payload., and V; € {X,P, Moy, M,} isa
bit from ﬂz gxisﬁng 7-fnn£ D83 masterfnme overhead ;eqnmee The DS3-FEC code-

not mesh with the 7-frame masterframe. The V-htsiieﬂiaefueunplesofthSan-
terframe alignment sequence. Accordingly, the DS3-FEC codeword will be the basis for
frame alignment only. Masterframe alignment will continue to be based on the existing
masterframe sequence (X-X-P-P-0-1-0). Note that this codeword is also not in systematic
form. The following irreducible, primitive generator polynomial was selected from (9] for
the DS3-FEC code:

G(x)pg3 =x'! +x2+1 (e X))

As discussed in Section 2.3, when a codeword is decoded at the FEC decoder, a syndrome
is produced which indicates the presence or absence of errors in the codeword. In the
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absence of channel errors, a zero syndrome will be computed only if the decoder is aligned
to a valid codeword or if it is aligned to a position where the data mimics a valid code-
word. However, the probability of codeword mimic in random data has been shown (theo-
retically and verified by simulation) to be 2-'2 for both the DS1-FEC and DS3-FEC codes
[10]. This is negligibly low and means that a 99.9756% density of non-zero syndromes is
expected whenever the decoder is truly out-of-frame. This density of non-zero syndromes
is therefore used as a feedback signal to drive the frame alighment process. The FEC-
derived reframe and out-of-frame detection processes are presented below.

The FEC-based reframe procedure, like the conventional process, consists of a scarch
phase and a confirmation ph:se During the semh phase, howevcr. the FEC decoder slidrs
fmne). ,hu:mng for a b:t position at wluch a zero syndmme is seen, i.e. a vahd codeword
or a mimic pattern. When such a position is found, it is held provisionally as a candidate
for the codeword boundary (i.e. the frame). The confirmation process verifies that the zero
syndrome persists at this position in Cg subsequent codewords. If this is the case then the
decoder declares INF. If at any time during the confirmation phase a non-zero syndrome is
decoded at the candidate position, the candidate is rejected and the search process
resumes. Again, Cg is selected so as to make the probability of a false-in-frame very low.

Whendiedecodeﬂsmfﬁm the syndrome is examined at the assumed codeword bound-
ary time. As long as the syndrome is zero, then the decoder continues to believe that it is
inframe. However, if a non-zero syndrome is decoded at the assumed codeword boundary,
the decoder then checks that the non-zero syndrome persists in Cg subsequent codeword
end times. If so, th&hﬁdﬁdﬂﬁmﬁaﬁzmkiﬁmu:msmm
seen at the codeword boundar zero syndromes are seen, then
th:QQdeanplmnmﬂmdﬂnsystemmnsmfnng A Cq-successive OOF
detection scheme is used for FEC framing instead of the Co-out-of-k scheme used in con-
which gives longer misframe times for the large FEC codeword blocks, and (ii) because
nemqofmﬂmmmlmfr'zmgmmufgemcamm
mes is very high when actually out-of-frame. (3)
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2.4.3 Inktial Comparison of Conventional and FEC g Speeds

The reason why it was not possible to simply adapt the serial search strategy of conven-
tional DS3 framing to the FEC casc is presented in this section. In conventional reframing,
the serial search time dominates over the time to detect loss of frame and re-confirm the
inframe state. It is easily shown that for a serial search on a distributed framing sequence,
the average time for the maximum length search is:

7. 2 N(N-D N
Search 7p;;f§ ps'fb

(2.5)

where N is the spacing of the F-bits, f, is the bit rate, and p,=0.5 is the slipping probability
per dwell on a candidate position. For DS3, N=170, fy=44.736 Mbvs, and hence Tgepch =
The FEC framing strategy must meet or exceed the framing performance of the conven-
tional system. However, a conventional block syndrome computation process requires a
compiete codeword time (i.e. n bit times) to compute the syndrome for one received
word!. This makes the search portion of the reframe process very long. For a maximal
length search, n-/ positions must be rejected as the codeword boundary before the true
frame boundary is reached. At each misaligned position, it requires one full codeword
time to determine if the position d:mdg a non-zero syndrome to determine if a slip
should be generated. Thus the search process using conventional syndrome computation
techniques is also O(n?) as in (2.5). Using the DS3-FEC case as an exampie, the maximal
length search time for the FEC framing strategy using a conventional syndrome decoding
process is given by (2.5) with N=1360, p,=1-2''2, and fy= 44.726 Mb¥s. This yields
Tmi4]3ml Obviously this strategy fails to meet the conventional DS3 framing
speed re ments by a wide margin (32x). [t is also far above the upper limit allowed for
aempheDSSreﬁ:mnHlmlél

m::!ugd (n)mn;SZ;epnﬁmh(:, utati )hmnn;cmu.a:hgbs
cﬂns&msn“nmﬁmZé(t).ﬂd(u)mm-hyﬂtmm
FEC code, shown in Figure 2.6 (b)

L ﬁﬂhﬁiﬂimﬁlm-ﬁdd-_dm

hﬁmmmmﬁiﬂlhhmb*ﬂu-lw
when the decoder is frame aligned.
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@ 2

n-bit Shift Register

Figure 2.6: Alternative strategies for recovering framing speed (a) Paraliel picket hunting,
(b) Continuous paralle]l syndrome computation by vector matrix multiplication
The former strategy led to extremely complex system control problems. The latter was
feasible to design (and was verified by computer simulation to frame as the scheme even-
tually developed) but would have required (using DS3 as the exampie) eleven 680-input
(average term) exclusive-or gates to implement
d=2-(P)7 (2.6)

where { is the syndrome, % is the received word, [P) is the 11 x 1360 parity check matrix
count in the LSI Logic design environment for the eleven ~680-input XOR gates alone is
around 24k gates. The benefit of the second approach, however, is that a zero syndrome is
word because the value of § is computed at all bit times for the preceding set of 1360 bits,
not just st codeword end times. Thus bit-by-bit syndrome calculation allows bit-by-bit
The solution which was finally found and implemented in the DS1/DS3 FEC ASIC gives




the advantage of the parity check matrix approach (single bit time syndrome computation)
but without the huge gate count. It is based on continual compensation of the intermediate
syndmme result in continual polynomial shift register division for decoding of cyclic

method, which is the key to acluevmg fast fﬁmmg with moderuc circuit com-

senwd in Chapter 4.

One of the goals of the FEC ASIC design is the development of a circuit architecture
which is compatible for DS1 or DS3 operation. Rather than creating DS1 and DS3 ver-
sions of the same modules, each module in the design can be re-configured. With the addi-
tion of a small amount of logic, this strategy allows for extensive re-use of module
components thereby reducing the total size of the design. The mode of operation will be
pin-selectable. Each module in the FEC encoder and FEC decoder is presented in detail in
Chlﬁm:!mdal Akmgwnhﬂi:ﬁm:bmﬂ i tlzmﬁallog:ctbm!eﬁnﬁgme
each module

logically nll:md forthgdnffm; mdg@f op:ranm




Chapter 3

The DS1/DS3 FEC Encoder

In this chapter, the design of the DS1/DS3 FEC encoder is presented. The FEC encoder is
responsible for two main functions: (i) computation of the checkbits (and overall parity bit
in DS3 mode) for a block of unencoded DS1 or DS3 data, and (ii) insertion of the check-
bits into the appropriate distributed positions for construction the actual DS 1-FEC or DS3-
FEC codewords.

3.1 FEC Encoder - Top Level
The top level functional diagram for the DS1/DS3 FEC encoder is shown in Figure 3.1.
The inputs to the FEC encoder are the following:

RESET: asynchronous reset; When asserted (active low), all counters, registers, and
finite state machines (FSM's) are brought into a known state

CLK IN: Bit rate clock; frequency is 1.544 Mbvs for DS 1, 44.734 Mb/s for DS3

FRAME IN: conventional framing information for synchmmzing the encoder to the

incoming data stream. The signal is a single pulse, one bit time in width, coincident

wnﬂltheﬁmblt(hlt())ofmh DS1 superframe (in DS1 mode), or the first bit of either
; rframe in DS3 mode.

mdnmplemntth:conespmdmgﬁcm DSSnmdelsobtmnedbyﬁemngmmpm
high; DS1 mode is obtained by setting this pin low.

FEC ENABLE: enables or disables replacement of F-bits (and selected C-bits in DS3
nmdg)ofinunemmmmkmthm:mmpumdcheckhns When de-assert

the process of computing the checkbits for an unencoded data block continues but the
checkbits are not inserted into the outgoing data stream. The FEC_ENABLE linc 15
sampled at the time that the first bit of a new codeword emerges from the encoder. The
sampled value is held for the duration of the codeword. Thus only compicte code-
words or complete unencoded data blocks appear at the encoder output in the event
that the user changes FEC operating status during use.

DATAOUT‘ FECmnﬂuseng!NRdemifECmeﬁdmiuembH.ﬂmlme

Mmmmnmmmmmwmmoﬂu
sequence intact.
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* FRAME OUT: with FEC encoding turned on, this line carries a signal which marks the
first bit of each codeword emergmg from the encoder by going low for one bit time
coincident with this bit. This signal is not for transport in the network but is used only
for synchronizing the external test equipment for functional verification of the ASIC

(Chapter 6).

e CLK OUT: (not shown) inverted version of the input system clock so that the rising
edge is in the middle of each data bit on the FEC encoder DATA OUT line.

3.2 VO Synchronization

The standard, recommended way to synchronize external input signals to the edges of the

internal system clock is to use D-flip flops to re-time them onto the chip. This method is
used for the inputs to the FEC encoder shown in Figure 3.2 .

DATAIN —{D @ ﬁ"Qﬁ* DATAIN
CP - CP
FRAME IN — — FRAME IN
FEC FEC Re-Timed
ENABLE — D Q—" ENABLE * VEI’SI:IIIS
—icp
SYSTEM
CLOCK —
DS3/BST _._.D& —s DSI/DSI
_ —— DSIDST

Figure 3.2: 1/O interface for FEC encoder

The DATA IN and FRAME IN lines are re-timed once so that a full clock cycle is available
for processing the data on each line. The DATA IN line is re-timed a second time so that it
cnincides with the synchmmz;tm signal from the encoder synchronization module. FEC
mchronous input, i.e. it can change at any time. To eliminate possible
¢ conditions, the n;mlnne—ﬂmedmeetosynchmmm its changes to the internal sys-
tem clock. LSI Logic design guidelines require a second re-time on asynchronous to elim-
inate possible metastable conditions which may arise from the changing of FEC ENABLE

too close to the rising clock edge at the first re-time flip flop.

The DATA OUT and FRAME OUT output signals are re-timed once with D-flip flops to




The DS3/D37 mode select line is not re-timed as its value is not expected to change during
operation. Both the DS3/D37 signal and its complement are required at various points in
the FEC encoder for re-configuring various structures. As shown in Figure 3.2, the com-
plement of the signal (DS1/D33) is derived by inverting the DS3/D87 signal ilnmediately
after it is brought onto the chip. Both signals are then routed to the various places that they
are needed. This uses more routing tracks in the die, but is preferable to inverting the D§3/
D37 signal each time the complement is needed.

3.3 Encoder (State Machine) Synchronization Module

The function of this module is to generate a signal to synchronize the encoder to the
incoming data stream, i.c so that the encoder knows the locations of the data and F, C-bits.
The frame information supplied on the FRAME IN line is used to generate the synchroni-
zation signal Thelcsulting signal isapulse,oneclock c’ycleinwid(h. wmcndeﬂt Withthe

pulses on FRAME IN which establish a consistent mapping of input DSI supcffnmcs or
DS3 frames into DS1-FEC or DS3-FEC codeword blocks respectively.

In DS1 mode, FRAMEINcmiesasigndwhicbisnormﬂlyhighb;ﬂgmshwfﬁfﬁnebit
time coincident with the first bit of each incoming DS1 sup ; 1 [
superﬁmmaplduealyloaDSlFBCcodewadudﬂmhadesmzzl the pulse
on the FRAME IN line in DS1 mode thus marks the beginning of each DS1-FEC code-
word consistently and does not need to be changed in any way.

In DS3 mode, the signal on FRAME IN is a one clock cycle duration active low pulse
which is coincident with the first bit of either (i) each DS3 frame or (ii) each DS3 master-
frame. In either case, only every second pulse on the FRAME IN line marks the start of a
DS3-FEC codeword. In case (i), this is obvious because each DS3-FEC codeword covers
exactly two DS3 frames. It is also true for case (ii) because there are seven frames in each




masterframe and two frames per codeword. Figure 3.3 illustrates:

DS3 DS3

S T ™ .|._f'}“i‘°

]
DS3-FEC
Codewords
Figure 3.3;: Mapping of DS3 frames and masterframes into DS3-FEC codewords
Note that if the masterframe signal is supplied then the synchronization pulse will not
mark the beginning of every DS3-FEC codeword but only the beginning of every seventh
codeword. This is not a problem as the synchronization is consistent with the codeword
mapping established by previous synchronization pulses.
The schematic diagram of the synchronization module is shown in Figure 3.4:.

SYNC
—>




o  FRAME OUT: synchronized input frame timing (re-timed to coincide with the twice
re-timed encoder DA7A IN signal)

* SYNC: active high version of the pulse to align the encoder system state controller to
the incoming frames

The generation of the synchronization pulse in DS1 mode is straightforward. The DS3/

D3T mode select input is low which forces the output of al low subsequently making or/

transparent. The start of superframe indication signal on the FRAME IN input is routed to

J1. The flip flops f0 and f1 introduce a single bit time delay, but as noted in Section 3.2, the

codeword.

In DS3 mode, DS3/D3T is high so a/ is transparent. The “fb+2" (frame boundary divided
by 2) module (Appendix A) processes the incoming DS3 frame or masterframe data to
produce a S50% duty cycle square wave with period of twice the frame or masterframe
period respectively, as shown in Figure 3.5.

FRAME N || 1 o |

foe2

Figure 3.5: Output from fb+2 module

When the “fb+2" output is high, it forces the output of or! to a logical 1, preventing the
signal on the FRAME IN line from reaching f1. When the output of “fb+2" is low, the sig-
nal on the FRAME IN input reaches f1. Thus only every second pulse on FRAME IN is
transferred to the SYNC output of f1.

Once the system is synchronized to the incoming DS1 or DS3 frame structure, it can begin
outgoing data stream. The incoming data is routed to three modules: the codeword length

34 Codeword Delay Register
The delay register shown in Figure 3.1 delays the input serial data bit stream by one full
codeword time (2316 bit times for DS1, 1360 bit times for DS3). Thus when bit i of a
codeword is about 0 be clocked in st the input of the register, bit / of the previous code-
word is emerging at its output. This delay is necessary because the computation of the




F and C-bit (DS3) positions of the same codeword as the message bits with which they are
associated. The checkbits for a codeword will be valid after all of the message bits for that
codeword are shifted in to the encoder. At the same time that the checkbits are valid, the
very first bit of the codeword with which they are associated is at the output of the delay
register. The delayed codeword is then shifted out and its checkbits are inserted at the
appropriate F and C-bit (DS3) positions. Simultaneously, the next codeword block is
shifted in and its checkbits are computed. Thus there is a pipeline operation. This is shown
in Figure 3.6.

Checkbit Checkbit

Time

Figure 3.6: FEC Encoder Operation Pipeline

The schematic diagram of the re-configurable encoder delay register is shown in Figure
3.7.

>0 sitfege ] 0
— ——— 2:1

4 -o). 956-Bit ] [mux[™Q
DSMSSSJ @ 00000 f
The circuit has two inputs in addition to the system clock:
o  D: Serial data input 10 the delay buffer.




e DSI: Mode select signal.
The output, O, isthedelayedd:hbitsm Notethatt]gdelayregisterdoesnmrequﬁe

(unencoded) codeword is sluﬂed in to the system.

The lengths of the DS1 and the DS3 codewords are 2316 and 1360 bits respectively, and
so the length of the delay register is selectable depending on the mode of operation. The
sub-circuits s0 and s/ are shift registers which are 1360 and 956 bits long respectively.

In DS3 mode, DS is a logical zero. This selects the a input of multiplexer m0, making the
output of s0 the Q-output of the delay buffer. It also forces the output of the AND gate a0
to a logical zero, which isolates s/ from sO as the 956-bit shift register is unused in DS3
mode.

In DS1 mode, DS1/D33 is high. This makes AND gate a0 transparent so that sO and s/ are
connected in series to form a 2316 bit shift register. It also selects the b input of multi-
plexer m0 which makes the output of this concatenated register the Q-output pin of the
modaule.

3.5 Encoding Register
The encoding (+G(x)) register is the second module that the incoming DS1/DS3 data is
routed to in the FEC encoder. The function of the encoding register is to compute the
Hanlmn'codecheekbmfcr:eﬁdawwdmathertleDSIFECwDS}FECcodeM
described in Section 2.3, ﬂucheekhﬁfwaeudewwdmeomp\mdby(l)" -
message polynomial U(x) by x*%, where n-k is the number of checkbits in the code, and
(ii) taking the remainder of the division of this polynomial by the code generator polyno-
mial G(x). These operations are realized using an n-k stage linear feedback shift register
with feedback connections based on G(x) [9]. The generator polynomials for the DS1-
FEC and DS3-FEC codes are given in Sections 2.3.1 and 2.3.2 respectively.

As an example, consider the linear feedback shift register which implements G(x)pg3 =
xll 4 x2 +lfortthS3-FECmduhnwani;ue3!
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The checkbits are computed by first clearing this shift register and then shifting the k mes-
sage bits into the input of the register (this is gquivalent to pre-multiplying U(x) by x“"‘)

After all message bits have been clocked in, the encodi

bo. by, - . by, Where b, g is the most significant checkbit. The checkbits are then ready for
distributed insertion into the DS3-FEC codeword after parallel transfer to a holding regis-
ter.

The schematic diagram for the re-configurable
Figure 3.9

The encoding in register is composed of 12 D-flip flops, each having synchronous load
and shift enable (Appendix A). In addition to the asynchronous reset and the system clock
the following are the inputs to the encoding register:

e BIT IN: the new bit about to be shifted into the encoding register

e LOOKAHEAD CLEAR: synchronous “look ahead” clear of the encoding register on
the next rising clock edge (detailed discussion to follow)

e SHIFT ENABLE: when asserted, cnable shifting in encoding register. If de-asserted,
prevent BIT IN from being shifted into the encoding register and hold the contents of

the register unchanged.
» DS3/DTI, DS1/D33: complementary mode select control signals
The outputs of the encoding register are the 11 DS3-FEC checkbits or the 12 DS1-FEC
checkbits which are valid at the end of the a codeword division cycle.
The encoding register shown in Figure 3.9 is re-configurable to implement either G(x)ps,;
or G(x)ps3 depending on the mode of operation. lnDSl mode, all 12 flip flops are used. In
DS3 mode, only 11 of the 12 stages of the shift register are used. The least significant (left-
most) stage is unused in DS3 mode. The AND gate, al, is used to disconnect the left-most
ﬂpsﬂnpﬁomﬂgmgrepnﬂmﬁﬁmwgmngﬂ:mﬂmummm
In DS1 mode, al is transpare
The modulo-2 addition at the feedback points is implemented using exclusive-or gates el,
e2, e3, and 4. The positions of the shift register feedback taps arc different for DS1 and
DS3 modes. In DS1 mode, flip-flop #0 is the least significant stage in the register and feed-
back taps are thus required at positions 0, 1, 4, and 6 to realize G(x)pg;. In DS3 mode, flip
flop #1 is the Jeast significant clement, 50 feedback taps arc required at the inputs to flip
flops | and 3. In both cases, the feedback signal is the modulo-2 sum of the bit about to be
shifted in and the output of FF #11. The AND gates a2, a3, and o4 are used to enable to
feedback taps. The tap at position 1 is comunon to both modes of operation 20 the feedback

DS1/DS3 encoding register is shown in




hnzmmmplymmedmﬂgmpmo[gl In DS1 mode, the output of a2 is a logical zero
which disconnects the feedback tap for XOR gatv 2. However, a3, and a4 are transparent
and pass the value on the feedback line to the inputs of e3 and e4. In DS3 mode, a3 and a4
arc tumed off, breaking the feedback connection while a2 is transparent completing the
feedback connection to e2.

The algorithm outlined at the beginning of this section for computation of the checkbits
assumes that the mesag: bits were comiguou.s ln Lhe DSI FE.C and DS3- FECcﬂd:word

enendmg reastsr. the shift =nable mput is disabled, fommg the sh:ft register (0 hold its
present contents on the next rising clock edge. Thus the F-bit is effectively gapped out of
the encoding process.
The checkbit computation process previously outlined also assumes that there is ample
time between each unencoded data block to clear the encoding register. However, this is
not the case for the codeword formats dealt with here because the first bit of the next code-
word to be encoded follows immediately after the last message bit of the codeword cur-
rently being processed. This is shown in Figure 3.10 for DS3.

oo e —— Codeword j :+* ) — Codeword j+] — oo @

BIT_[Nee e Bit1358 | Bit1359 | B0 | Bitl | eee

CP oeoe

Bit 1359 clocked in/
Figure 3.10: Diagram showing codewords j and j+1 are contiguous
Thus the first bit of codeword j+ / is at the BIT IN input in the same clock cycle st which
the checkbit computation is completed for codeword j. To process the next bit, the follow-
ing three operations are required in the same clock cycle:

(i) el transfer valid checkbits for codeword j into a holding register (Sec-
hon37)fmmﬂmmoth=F(deme3)pmmd‘m;

(ii) Clear the encoding (+G(x)) register.
(iii) Shift in the first bit of codeword j+ 1.

An elegant sohution 1o combine these operations (ii) and (iii) is a “look-ahead™ clear (or
selective pre-load). In this case, the encoding register is loaded with the value it wouild

3
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m lﬂlml,lnDSl mmsmhmdmsmemﬂmmeﬁmhtofm
unencoded DS1-FEC block is an F-bit which must pot be shifted in. Therefore, once the
last data bit of a codeword has been clocked in to the register, there is time to assert the
clear line so that the register is set to all zeros. The F-bit is thus ignored and coding prop-
erly begins with the first data bit. Table 3.1 summarizes the input functions for the load
data input pins on flip flops fO to f11 to implement this look-ahead clear function.

Table 3.1: mmwmmmwnm

'fo fz.u 15, . ﬁfmfs f10.f11 | 0 ]
n 3 ) (BIT IN) AND (DSJ)

The final point to note about the encoding register is that the checkbit lines are actually
taken from the D-inputs of the flip flops in the register rather than from the Q-outputs. This
allows access to the checkbits late in the clock cycle prior to when they actually become
valid at the Q-outputs of the flip flops. The reason this is beneficial is outlined in the Sec-
tion 3.7, but basically eliminates the need for additional bit time pipelining in the encoder.
As the checkbit information is available one clock cycle early, they are called the “looka-
head™ checkbits.

The third and final module to which the incoming DS1 or DS3 data is routed is the parity
register. The function of the parity register is to compute the parity bit for a DS3-FEC
codeword, such that the overall parity of the codeword is even. The value of parity bit is

14 10
j=0 j=0

where u is the j message bit, by is the j® checkbit for the codeword, and the summation
denotes modulo-2 addition. A bit serial approach is used to compute the first term in (3.1),
The parity register initially sets by, to zero and then computes the ruasing sum of the parity
of the message bits of the codeword as they are shifted in. Once the parity of the message
bits is found, it is modulo-2 added in parallel with the 11 checkbits. The reason for this is
that by, must be ready at the next rising clock edge. The schematic diagram for the perity




register is shown in Figure 3.11

pa

| I ’ll bl. b2. ,bll

BIT IN — aLmAD_m
bp

0
B
SHIFT ENABLE

LOOKAHEAD CLEAR
Figure 3.11: Schematic diagram of parity register

In addition to the system clock and the asynchronous reset, the following are inputs to the
parity register
e BIT IN: the new data bit about to be clocked in to the parity register

o SHIFT ENABLE: enable shift of BIT IN into parity register. When disabled, hold cur-
rent value in the register.

* LOOKAHEAD CLEAR: synchronous look-ahead clear of parity register on next rising
clock edge. Loads the register with the value it would contain if it was first cleared and
then the bit on the BIT IN line was shifted in

*  bl...b11: checkbits from the encoding register (only the 11 most significant lines)

The output, bp, is the modulo-2 sum of the 1348 message bits and the 11 checkbits for the
codeword as given in (3.1).

The circuit operates as follows. In the clock cycle, whea bit 0 of a new codeword is on BIT
IN, LOOKAHEAD CLEAR is ssserted to “look-shead” clear the parity register on the next
rising clock edge. As each new bit arrives on BIT IN, its value is modulo-2 added to the
cumulative parity stored on the Q-output of f0, via €0, and the result is stored on the Q-
output of f0 on the next clock edge. When the bit on the BIT_JN line is an F or selected C
bit, the SHIFT ENABLE control signal is de-asserted, forcing the register to hold its cur-
rent value, gapping out the bit. Once all bits in the unencoded data block have been shified
in, the parity of the message bits is at the Q-output of 0. However, the message bit parity
can be obtained one clock cycle earlier. When the last message bit (bit 1359 in the DS3-
FEC codeword) is on BIT IN, its value is added to the parity of the previous A-/ message
bits and the result is at the D-input of fO (after the gate delay of ¢0), ready for transfer to
the Q-output on the next rising clock edge. The message bit parity is taken from the D-
input of /0 and summed in parallel with the 11 “look-shead™ checkbits to form the bp out-



put signal via gate e/. Thus the parity of the entire codeword is available late in the clock
cycle before the last bit of the unencoded data block is actually shifted in. As will be out-
lined in the next section, computing the parity this way climinates the need for bit time
pipelining in the FEC encoder.

encoding register, they are not all available at the same time in the clock cycle, i.e. some
must pass through more levels of logic than others. As well, the 12-bit XOR gate is com-
posed of the 2 and 3-input XOR gates available in the LSI Logic design library, and each
input has a different input-to-output delay characteristic. Table 3.2 summarizes the nomi-
nal computation delay times for each checkbit. In addition, the delay characteristic for the
message bit parity signal at the D-input of f0 is (rise / fall) = (3.02, 3.28). Table 3.3 pre-
sents the nominal input to output delays for each input of XOR gate /. Careful mapping
of the checkbits with the longest decoding delay to the inputs of e] with the shortest delay
allowed for minimization of the total delay to realize bp. Table 3.4 summarizes the assign-
ments of checkbits to XOR gate inputs.

| | Delayrisefall) |, | Delay (rise/fall)
* P (0s)

| 1.87/1.83
111 1.49/1.45
112 1.19/1.15




XOR Input

the checkbits for the next codeword, the checkbits and overall parity bit (DS3) are trans-
ferred to the 12-bit parallel-in/serial-out (PISO) holding register.

3.7 Holding Register

The holding register stores the checkbits for distributed insertion into the codeword data
emerging from the delay buffer, overwriting the F and selected C-bits (DS3). The sche-
matic for the holding register is shown in Figure 3.12.

bp b0 b1 52 b3 b4 bS5 b6 b7 H8 b9 bIO bIl
S S | 1 11 1 1

DSy [ o panael loadinputs.

0 < I o .
LOAD ENABLE, SHIFT ENABLE

——— Toall flip flops
Figure 3.12: Schematic Diagram of 12-bit holding register
The holding register is composed of 12 D-flip flops, each having a shift enabic and a load
enable (Appendix A). In addition to the asynchronous reset and the system clock the fol-
lowing are the inputs to the holding register:

s bg b, by ... by 12 lines of checkbit information. In DS1 mode, all 12 lines are used.
In DS3 mode, only the 11 most significant lines carry checkbit information.

o LOAD ENABLE: ensble synchronous parallel load of the checkbits (and parity bit for
DS3) at the “load in” inputs of the flip-flops into the register.



significant bit position in the holding register on each shift.
o DS3/DYT: mode select.
The holding register has only onc output, Q, which is the next checkbit scheduled for
insertion into the codeword lcaving the delay register at the next F-bit (or C-bit DS3) time.
The 2:1 MUX, controlled by the DS3 mode sclect line, selects between the 12th checkbit
in DS1 mode and the overall parity bit in DS3 mode for load into the least significant stage
of the register.
The holding register is used in the codeword construction process in the following way: In
the clock cycle prior to the last data bit shifted into the encoder, the checkbits for the code-
word and the overall parity bit (DS3 only) are at the D-inputs of the flip-flops in the encod-
ing register and parity bit register, as described in Sections 3.5 and 3.6. These points are
routed to the holding register paraliel load inputs. In this same cycle, the LOAD ENABLE
signal is asserted, to load these bits into the holding register on the next rising clock edge.
As the contents of the delay buffer are shifted out, the contents of the holding register are
held until an F-bit (or selected C-bit) time. At this time, the Output Multiplexor (Section
3.8) takes the checkbit at the serial output of the holding register and overwrites the bit in
the outgoing data stream with it. The holding register SHIFT ENABLE input is simulta-
neously asserted to shift this checkbit out of the holding register on the next rising clock
edge and move the next most significant checkbit to the serial output. The holding register
contents are then held until the next F-bit time. This process continues until all checkbits
have been serially shifted into the outgoing data stream. Meanwhile, the next set of check-
bits are being computed in the +G(x) register as the next set of codeword data arrives.

38 Output Multiplexor

As alluded to above, the main function of the output multiplexor is to overwrite the F and
C-bits in the data stream emerging from the delay register with the appropriate checkbits
from the holding register. However, this is only done after the second task of the module is
performed, that is, the sampling of the FEC ENABLE chip level input signal at the code-
word boundary times, i.c. when bit 0 of a codeword is emerging from the decoder delay
buffer. This allows a “clean” switch between coding on / coding off modes at the output.
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This is illustrated in Figure 3.13:

FEC ENABLE L — — —
sl 1Tl

FEC ENABLE §ampled) I
Output
Codewords B B

t / ~ . o
Valid DS3-FEC Unencoded Data Blocks (Pairs of valid DS3 frames)

Codewords

Figure 3.13: Demonstration of effect of sampling FEC on at codeword boundary times

Thus there is no case where a partially encoded data block emerges from the FEC encoder,
it is either completely FEC encoded or left as two valid DS3 frames in DS3 mode or one

valid DS1 superframe in DS1 mode. The schematic diagram of the output conditioning
modaule is shown in Figure 3.14

CHECKBIT — DATA OUT

DATA —

SELECT
CHECKBIT

FRAME -

Figure 3.14: Schematic for FEC encoder output multiplexor
The following are the inputs to the output multiplexor:
* DATA: daa bits emerging from the delay buffer

»



e CWB: active low pulse marking the first bit of the codeword emerging from the delay
buffer

e FEC ENABLE: FEC coding on /off enable select

e SELECT CHECKBIT: control signal from system controller (timing state machine)
asserted at those times that an F or sclected 7-bit (DS3) should be replaced by a check-
bit

* CHECKBIT: checkbit current on the serial output of the holding register

and the following are the outputs from the module:

* DATA OUT: FEC encoded data if sampled value ~f FEC ENABLE is true; unchanged
delayed data if sampled value of FEC ENABLE is false

*  FRAME OUT. codeword boundary signal if sampled value of FEC ENABLE is true;
conventional frame timing information if sampled value of FEC ENABLE is false.
The “Synchronize FEC ENABLE" module (Appendix A) is used to sample the value on
the FEC ENABLE input at the codeword boundary time so that its output changes only
synchronously with the codeword boundary. When the synchronized value of FEC
ENABLE is low, the replacement of F and C-bits by checkbits is disabled. The output of
the NAND gate, n0, is forced high, blocking the effect of the SELECT CHECKBIT signal.
The bits emerging from the delay buffer are selected as the FEC encoder output data
stream. The conventional framing information supplied to the FEC encoder on the

FRAME IN chip level input is selected as the output frame information.

When the synchronized value of FEC ENABLE is high, the replacement of F and C bits
with checkbits is enabled. Each time the SELECT CHECKBIT signal is asserted, the
checkbit on the serial output of the holding register (CHECKBIT) is selected as output
instead of the data bit emerging from the delay buffer. When SELECT CHECKBIT is de-
asserted, the data bits emerging from the delay buffer are selected as the FEC encoder data
output. Thus an encoded DS1-FEC or DS3-FEC codeword is the output. The CWB signal
is passed as frame information.

3.9 Encoder Eveat Sequencer

The signals to control the various modules of the FEC encoder, (for example, t

the checkbits from the encoding register to the holding register, onoppamﬂzF-lm
from the encoding process) come from the Encoder Sequencer. As shown in Figure 3.1,
decoder. The 12-bit counter provides encoder state information by counting the bits of a




vention is the following: the MSB of a codeword is bit 0 and the value of the 12-bit num-
ber in the counter is the index of the bit which has just been clocked into to the delay
register (and, if it is not an F or C-bit, into the encoding register and parity register). For
example, when the counter reads 18, (i) bit 18 has just been shifted into the delay register,
(ii) bit 19 from the same codeword is at the D-input of the delay register, but has not yet
been clocked in, and (iii) bit 19 from the previous codeword is on the Q-output of the
delay buffer. The DS3/D3T input selects the counting range. The counter counts from 0 to
TC and then wraps to 0 where TC is the terminal count of 2315 for DS1 or 1359 for DS3.
The state decoder monitors the value of the 12-bit counter and functions like a microcode
program to execute all operations to process either 2 DS3 frames or 12 DS| frames into
the respective FEC codeword. The DS3/D3T and DS1/D3S3 signals are used to enable
decoding terms for the appropriate mode of operation and disable those associated with
the complementary mode.

3.9.1 Control Signals
The FEC encoder system controller generates four control signals.
e CWB: an active low signal, one clock cycle in width which marks the start of the DS1-

FEC or DS3-FEC codeword. It is also used to control the “look-ahead clear” function
of the encoding register and the parity bit computation register.

o ENC_REG_SHIFT (Encoding Register Shift Enable): Hold contents of encoding and
parity bit registers when an F-bit (or C-bit DS3) is about to be clocked in (Gap out the
F and C-bits from +G(x)).

e HOLD_REG_LOAD (Holding Register Load Enable): Enable synchronous parallel
transfer of checkbits from the encoding register and the overall parity bit from the par-
ity bit register into the 12-bit PISO holding register

o SELECT CHECKBIT: Overwrite the current bit emerging from the delay buffer with a
checkbit from the serial output of the holding register. Also enable shift of holding reg-
ister to discard this bit on the next rising clock edge

39.2 Sequencer Operation in DS1 Mode
In the DS1-FEC code, the checkbits for the FEC code are at bit positions 0, 193, 386, 579,

772, 965, 1158, 1351, 1544, 1737, 1930, and 2123. Table 3.5 summarizes the values of the
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system counter for which each control signal is asserted.
pder Emmmrmmwl

192335578171964 0 1 R K |o
1157, 1350, 1543,
1736,1929, 2122

Iuhaﬂ hefm the nliiil Ienvenhe system controller.

At all other times, the values of the four signals are zero (i.e. de-asserted).
39.3 Sequencer Operation in DS3 Mode
For the DS3-FEC code, the checkbits are bit positions 85, 255, 340, 425, 510, 595, 765,
935, 1020, 1105, 1190, and 1275. Table 3.6 summarizes the system counter values for
which the control signals are asserted in DS3 mode.

Table 3.6 Encoder Event Sq-ﬁur Logic Functions for DS3

P —

SELECT ENC_REG HOLD_REG

Counter Value CWB | cHECKBIT | SHIFT® LOAD

84, 254, 339, 424, 509, 0 BEN 1 o
594, 764, 934, 1019, 1104,
1189, 1274

254 o 0 "o 1

339 ] 1 0 0 0

" & This is actually the complement of the ENC_REG_SHIFT signal. The proper polarity is estab
lished before the signal lcaves the sysiem controller.

is one less than the counter values listed in Tables 3.5 and 3.6. The resulting signals are
then re-timed in D-flip flops which provide one clock cycle time delay and remove the



Note that in both cases above, the state machine decoding has a large number of “don’t
cares”. Moreover, in DS3 mode, the system counter never counts beyond 1359. Therefore
values of the control signals may be unspecified for counts between 1360 to 409S. In DSI
mode, the counter wraps around after it reaches 2315, so the en:ﬂder c:ﬂmml sigmls may

geously ichlEVéd by explomng the ‘don’t care™ set. H('DW(‘.VCT. traditional Kamaugh map
minimization techniques are impractical here because each control signal is a function of
13 input variables (12 bits from the counter and the DS3, DS! mode select). Instead, a
modem logic design tool called “espresso™ [11] was used to minimize these boolean func-
tions.

“Espresso” takes two data sets, the ON-set (conditions for which the function is a logical
1) and the “don’t care” set (conditions for which the value of the function is unspecified)
and produces a Boolean minimized 2-level AND-OR representation of the function. The
“espresso” input file and output file for the FEC encoder systcm control state decoder arc
in Appendix B. Simulation verified that the un-minimized and minimized realizations of
the control signals were functionally identical.

Direct implementation of the un-minimized control functions as listed in Tables 3.5 and
3.6 would have required 371 gates in the LSI Logic design system. The minimized imple-
mentation used only 232 gates.

The system state counter in the system controller has a synchronous clear input which
causes the state counter to go to the all zero state on the next rising clock edge. The SYNC
signal from the FEC encoder synchronization module controls this input. When this signal
nmﬂ.htﬂuﬁmﬂewuﬂunttsﬂ-mpmofmedellyregmer If the encoder is not

' dﬂl.lh&ﬂmlh:n:xtnsmgclutkdgc bnz:ﬂnsshlkd

mk:wﬁh@mm:lmmnﬂmt.mﬂﬂ:mwﬂlnmnllywnp
around to zero on the next rising clock edge. Thus synchronization of the system counter
is established.

MMd;mEMmmnmmdennaym



tion occurs. As noted in Section 3.9.3, the control signals are derived by decoding the sys-
tem state one clock cycle earlier than the cycle times required in Tables 3.5 and 3.6,
combining the terms into the respective control functions and routing these functions to D-
flip flops to remove decoding glitches. When a re-synchronization occurs, the SYNC sig-
nal sets the outputs of these flip flops to the values that the control signals should take on
when the counter is at its terminal count and the inputs of the flip flops to the values of the
control signals when the counter is zero. These are listed in Table 3.7

lelei!.‘l CWSWVMIMSMC@E&riTCMZem

' Value for CountersTC Value for Eoumerio

Signal —_ i _
' ' DS!

D53

CWB 1 1
SELECT 1 0
CHEC!CB]T
ENC_REG 0 lo 0 0
SHIFT

HOLD_REG |0 0 0 0
LOAD

The most important effect that this has is that the CWB signal is asserted when the syn-
chronization occurs. The signal forces a “look-ahead” clear on the encoding and parity bit
registers. If this was not done, the encoding and parity registers would contain some arbi-
trary value at the time of the synchronization and the checkbits for the first codeword
shifted in would be incorrectly computed (although it would be correct for all subsequent
codewords). By using the SYNC signal to synchronize the state decoding logic the encod-
ing of the incoming codeword can begin immediately after a re-synchronization,




Chapter 4

The FEC Decoder

In this chapter, the implementation of the DS1/DS3 FEC Decoder is presented. The chap-
ter presents detailed descriptions of each of the modules of the Decoder. The functions
implemented by these modules include: continuous syndrome calculation and single bit
time parity bit computation (DS3), frame alignment based on FEC syndrome decoding,
error location, detection, and correction and conventional F-bit (and C-bit for DS3)
sequence reconstruction.

4.1 Top Level Decoder Module
The top level module for the DS1/DS3 FEC decoder is shown in Figure 4,1. The following
are the chip level inputs to this system:

DATA_IN: DS1-FEC or DS3-FEC NRZ serial data input line.

OFD_ENABLE: Enables the OFD process once the decoder is inframe. When de-
asserted, the OFD process is inhibited and the decoder will continue to maintain the
current position as frame even if true frame is lost. (This is a test mode consideration
only).

Cgr (RE-FRAME Confirmation Threshold): 5-bit number which indicates how many
consecutive frames must decode a zero syndrome after a frame candidate position is
found to declare the in-frame state.

far Qut-gf-ﬁinw mlmunn aﬁer an mmal non-zero syndmme is obs:rved

DS3/DST (MODE SELECT): Re-configures the internal structures in the FEC decoder
for operation on cither DS1-FEC of DS3-FEC signals. Set to HIGH for DS3 mode; set
LOW for DS1 mode

RESET: Active-low asynchronous reset line for bringing internal finite state machines
(FSM's) and registers into a known state.

DATA_OUT: Error corrected DS]1 or DS3 data with the F and C-bits (DS3 only)
CP_OUT: DS1 or DS3 output bit time clock. The rising edge of this clock signal is in
the center of the dma bits emerging on the decoder DATA_OUT line.
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* FRAME OoUT (Frame Boundary): This line carries a signal which marks the start of
the DS1 superframe in DS1 mode or the start of each DS3 frame in DS3 mode. The
signal is an active low pulse, one bit time in width, coincident with the first bit of the
DS superframe or DS3 frame, as located by the frame finding logic.

e INFRAME: FEC Decoder Out-of-frame/In-frame status indication.

*  SLIP: Active when the system is in the scarch phase of the re-frame process. Each time
a slip is made this line pulses high for one clock cycle. It is low when the system is in
the confirmation phase of the re-frame process or when the decoder is in-frame.

* SEC: Single error correction event indication. The signal is a pulse. one clock cycle
width, when the bit which was determined to be in error, emerges from the receiving
delay register.

e SED: Single error detection event indication. Signal is a pulse which is oue clock cycle
in width. If the bit error is in a data bit then error correction activity will take place and
a pulse will also occur on SEC. If an error was in a checkbit in a codeword, then no
error correction is necessary because the checkbits are later replaced by the conven-
tional OH-bit structure. This line does indicate that a particular error occurred even if
no explicit error comection action was taken.

* DED: Double error event indication (DS3 mode only). Indicates received word con-
tains a multiple weight even error, the most common being two bit errors.

* HOE: Higher order error event indication. Indicates when a multiple weight error
event (>1 for DS1; 3, §, 7, ... for DS3) has occurred. Only a percentage of such events
can be detected.

*  OPBErr: Overall Parity Bit error event indication (DS3 only)

The DS1/DS3 FEC Decoder is composed of seven main functional blocks. When the
incoming data is received on the DATA_IN line, it is first routed to the Codeword Delay
Buffer. This module serves two purposes. Firstly it delays the data by one full codeword
time. This is necessary because all bits of the received word must be shified in to the
decoder before it can be determined that it contains an error. If it does contain an error then
the error is potentially in the first bit of the codeword so a full codeword delay is needed to
hold back the data for possible error correction. The delayed data is also used to gencrate
the ¢ ation functions required to implement CCSC for fast re-framing.The CCSC
process is unplemtnd via the Codewonrd Delay Buffer, the CCSC Compensation Func-

tion Generator, and the CCSC syndrome (+G(x)) Regisier (Section 4.3). In DS3 mode, the
perity of the received word is also continuously computed. This is done by the Parity
Compusation Register using delayed data in the Codeword Delay Buffer. The syndrome
and parity information are then passed to the Frame Alignment Unit (FAU) and to the
Error Carrecum Unis (ECU). The FAU processes the syndrome and parity information
and implements the frame alignment algorithms outlined in Sections 2.4.1 and 2.4.2. The

41



ECU utilizes the syndrome and parity information to determine if any errors exist in the
data and if a single bit error has occurred, to locate the error. The Output Conditioning
block is responsible for actually correcting a single bit error using error location informa-
tion from the ECU module and for reconstructing the conventional overhead bit sequence
after the checkbits of the FEC code are no longer needed. The System Controller provides
control signals for synchronization and communication between modules and for process-
ing of data. Each of these modules will be discussed in the following sections.

4.2 Chip Level /O Interface

Tn allow one cﬁmplele clock :yele time for pfmssing each inc?ﬂ-ming dita bit, the DATA

-synchms input, i.e. it can :hmgealmy time in uyslgm clock cycle soitisr '——Lf;,:
with two stages of D-flip flops to reduce metastability related problems. The Cg and Cp
confirmation threshold lines and the DS3 mode select line are not re-timed at the chip
inputs as they arc expected to maintain hard-wired external values throughout the duration
of the operation period. If it is necessary to change Cp or Cg during operation then the
proper procedure is outlined in Section 4.4.

As both the signal on the DS3/D37 line and its complement are needed at various points in
the FEC Decoder for controlling the re-configurable structures, the DS/ signal is gener-
ated immediately after going on the chip by inverting the DS3 input signal. Both signals
are routed to the numerous places they are needed. This requires more routing space but is
still preferred to inverting the DS3 signal at each point that it is needed.

All output signals are re-timed with D-flip flops so that they are completely glitch free
before going off chip. The CP_OUT signal is the inverse of the input system clock signal
and has its rising edge in the center of the outgoing data eye.

Sym ’,’,,,T,,,nmensﬂmltummthmthsFECdemdsNﬂmlyumg
syndrome used to locate single bit errors in the received word (its traditional function), but

nhdmuﬁuﬁeﬁeﬁnﬂeﬂdnﬂfwﬂnmmmAs';;::;,f,
in Section 2.3, the syndrome for the received word at the decoder is the remainder after
division of the received word polynomial, R(x), by the code generator polynomial G(x).

&



The division by G(x) is implemented using a linear feedback shift register [9).
Using shift register division techniques, the traditional syndrome computation process for
a Hamming code involves the following steps performed in synchronization with the
(1) Clear the syndrome register, i.e. the G(x) division register.
(i)  Shift all received word bits into the +G(x) register in systematic form (i.e. all
data bits followed by all checkbits).

(iii) Evaluate syndrome.

Thus it takes n bit times to generate one syndrome for an n-bit codeword. If directly
applied to serial search frame finding, up to (n-/) complete codewords of an (n, k) code
would be required in the maximum length hunt for codeword alignment. With the DS3
code, this is O(1360?) bit times and is far greater than conventional framing speeds (as
seen in Section 2.4.3). Fast framing is therefore derived from the FEC codeword by slid-
ing across the data and continually computing the syndrome of the preceding 1360 bits by
compensating the previous syndrome result for every new bit received. By continual com-
pensation of a never-reset syndrome calculation, a zero syndrome is observed as soon as
thecodewordboundlryappeaﬁ With this approach, no more than 1360 bits will pass
before the codeword boundary is seen (neglecting mimic effects). As a result, DS1-FEC
and DS3-FEC slgnili now frame faster than in the conventional formats. The scarch time
will be followed by the Ci confirmation period which will actually dominate over the
search time.

The details of the CCSC method for the specific cases of the DS3-FEC and DS1-FEC
codes are presented in Section 4.3.1 and 4.3.2 respectively. The three circuits in Figure 4.1
which implement the CCSC algorithm are the codeword length delay buffer, the CCSC
compensation function generator, and the syndrome (+G(x)) register. Each of these mod-
ules is discussed in Section 4.3.3, 4.3.4, and 4.3.5 respectively.

The delay register can be viewed as an a-bit sliding window which slides across the data
stream. The principle of CCSC is that it modifies the current syndrome, which is represen-
tative of the data presently in the window, to construct the syndrome of the data in the win-
dow after a shift of a new bit in and the oldest bit out. This allows for single bit time
updates of the syndrome for the received word in the window, as the window slides across
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The decoder delay register will at some arbitrary time, i, contain an assumed codeword
with the checkbits at the distributed F and () bit locations. This received word can be re-
arranged into systematic form. As well, the received word in delay buffer one bit time later
(i+1) can also be logically re-arranged into systematic form. CCSC uses to differences
between the shift of the systematic form polynomial at time i and the systematic form
polynomial at time i+/ to methodically compensate an existing syndrome at time i to
derive the syndrome at time i+ /. The details of this method for the DS3-FEC are now pre-
sented.

Rdist(x) is a DS3-FEC codeword polynomial with checkbits at distributed locations in the
receiver delay register. Thus for time i and for time i+1, one can write:

Rdist;(x) = by 359 X337 4 b 365 X138 4+ by357 X137 4+ .+ by x + by @.1)

|358+b

Rdist;, (x) = bj3sg x1359 4 bjis7 x 1356 x5 4 4 bg X + bNew 4.2)

The cocfficients of Rdist;(x) arc the 1360 bits in the decoder delay register at an arbitrary
time i, where b 349 is the oldest bit and by is the bit most recently added. The coefficients
of Rdist;, j(x) are the bits in the delay register at time i+ /, i.e. after a single shift. Note that
the oldest bit from time i, b; 359, has been discarded, and that a new bit, bygw, has been
shifted in to the least significant position of the register.

As stated in Section 2.3, the syndrome. S(x), for a cyclic code in systematic form is com-
puted as:

S(x) = R(x) mod G(x) 4.3)

where R(x) is the polynomial representation of the received word in systematic form, and
G(x) is the imeducible generator polynomial. Rdist;(x) can be put into systematic form,
Rsys;(x) by rearranging the distributed checkbits into systematic positions, so that all data
bits are contiguous followed by all the checkbits, and the most significant data bit is the
coefficient of the highest order term in Rsys;(x). Because the overall parity bit used for
DED is not part of the syndrome decoding process, it is not included in Rsys;(x). Hence
there are 1359 terms in Rsys;(x), the highest order term being x!38. The polynomial
Rsys;,(x) is formed in a similar fashion from the re-arrangement of Rdist,, ;(x) into sys-
tematic form.

Rsys; .. 1(x) can be written in terms of Rsys;(x) as follows:
Rsys;, ;(x) = xRsys;(x) + D(x) 44)
where D(x) is a difference polynomial which accounts for the differences between




Rsys,,1(x) and the shift of Rsys(x). For the DS3-FEC code, D(x) 1s:

25
Z d,: u 4.9
j=1

D(x)

where p; i1s the order of the term at which the difference occurs and d; is the modulo-2 sum
of the appropriate pairs of bits in Rdist;(x). The values for d; and p, for the 25 differences
between Rsys,, (x) and xRsys;(x) in the DS3-FEC code are given in Table 4.1, There are
25 differences because for each shift of the word in the receiver delay register, 12 bits

12 bits which were in data bit positions at time 1 move to checkbit positions at time i+/,
and the oldest bit is shifted out of the register.

Table 4.1: Coefficients and exponents in D(x) for the DS3-FEC code
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The syndrome for the data in the receive delay buffer at time i+/ can therefore be found
by dividing each side of (4.4) by G(x) and taking the remainder:
S,+1(x) = xRsys;(x) mod G(x) + D(x) mod G(x) (4.6)
The right hand side of (4.6) can be simplified using the following relation for full length
cyclic codes:
xS(x) mod G(x) = R1V(x) mod Gi(x) 4.7

where R(V(x) is a cyclic shift of R(x), which may be written as:

R(x) = £, (x"+1) + xR(x) 4.8)
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code. However, all codewords in a (n-1, k-1) shortened code are derived from the subset of
cadewords in the parent code where the [ leading bits are equal to zero (Section 2.3).
Therefore, the MSB of the corresponding full length codeword in the parent code for any
codeword belonging to the shortened code is zero. Hence R V(x) = xR(x). Thus for shont-
ened cades, (4.7) becomes:
xS(x) mod G(x) = xR(x) mod G(x) 4.9)

The left side of (4.9) is simply the current value of the syndrome clocked once in the
+(i(x) register. Combining (4.9) and (4.6):

S;+1(X) = x8,(x) mod G(x) + D(x) mod G(x) 4.10)
Finally, D(x) mod G(x), i.e. the remainders of the division of each of the xP! terms in D(x)
by G(x)ps3. is a fixed polynomial which can be precomputed. The results arc given in
Table 4.2;

Table 4.2: Remainders of DS3 Difference Polynomial Term Division by G(x)

& o xP mod G(x) 8 o xP) mod G(x)
(MSB First) (MSB

dl | 1359 | 01000001101  Jdi4 | 11 00000000101
a2 |1274 | 00011010100 d1s 10 | 10000000000
a3 1105 | 01111001110 s |9 01000000000
a4 1021 | (L11E111011 +d17 8 00100000000
ds 937 | 01010001001 ] di8 7 00010000000
46 853 | 1111100100 [d19 |6 00001000000 _
a7 |69 o101 ld20 | s 00000100000
a8 600 | 11011010010 a2 4 00000010000
® |43 |oiow0oin 422 3 00000001000
410|347 | 10100110000 423 |2 | 00000000100
al 263 | 11001001011 | d24 1 | 00000000010
412|179 | ooio1011100 425 |0 | 00000000001
13 |95 |oooi0100010

Each of the xP mod G(x) in Table 4.2 is a polynomial of less than degree 11 with coeffi-



cient d; which is added to xS;(x) mod G(x) to obtain the syndrome for the data in the delay
buffer at time i+]. i.e:

Sie1(x) = x8;(x) mod G(x) + d1(xT+x x4 1) + d2(xT+xO4xV4x7) + ... + d24(x) + 42§
By grouping terms of equal polynomial order, a single compensation function can there-
fore be created for each term in x8;(x) mod G(x), These compensation functions are listed
in Table 4.3 for the term of xS(i,x) mod G(x) which each modifies:

T:ble 4.3: EB-FEC CCSC Compemlim Functlons

Term Compenmtlan Function
0 | dl@dded0d 0 dll ©dl4 25
x! d3Dd4 DAT D I8 DI DdIl I3 D d24
x2 dl ©d2 ©d3 @ d6 ®d9 ®d12 D dI4 & a23 )
X3 Jaevewusdsesed onzean ]
|wemewemsedoesenr
¥  |wedesewediedsean ]
X6 2043 ®d O 7 ®dE Bdll BdI2@dI9
x’ 7 Q2 0d3 B4 ©dS ©d6 D7 D8 ©d9 D 1) D I8 ]
x8 d3$d4$d6$d7$d9®dl()$dl2$dl7 ' |
x° | dl@dseasd_s@dﬁ@ds@dgsduedm 7
x10 ) M@dﬁ@d?@dS@le@d!l@dls T

_puled by clochng the syndmme at time { in the e.tandard +G(X) register .md !hen addmg
each compensation function listed in Table 4.3, recalling that each d; maps into a delay
register position, p;, as given in Table 4.2, to the appropriate term in the syndrome register.
It is interesting to note that the newest incoming data bit is not clocked serially into the
+G(x) register but rather is combined with the delayed data bits (d14 in Table 4.1) directly
to form compensation functions. Thus the CCSC syndrome register does not appear with
an explicit serial input.

432 The Process of CCSC Decoding for the DS1-FEC Code
A similar procedure as that undertaken in Section 4.3.2 can be used to develop the com-
pensation logic required to modify the syndrome of the data in the decoder delay register
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at time i, to compute the syndrome for the data word in the delay buffer at time i+ /, after
the oldest bit is discarded and a new bit is included. The polynomials representing the con-
tents of the decoder delay buffer at times i and i+ ] respectively are:

Rdistj(x) = by3;s X215 4 by e X234 4 by3 3 x4 L+ by x + by (4.11)

Rdist,, 1 (x) = by3ya X235 4 byy 3 X33 4 by p xB3B3 4 4 bgx+bypw  (4.12)

These polynomials represent DS | -FEC codewords with checkbits at distributed positions.
The polynomials Rsysi(x) and Rsys,, (x) can be constructed by re-arranging (4.11) and
(4.12) into systematic form. The DS1-FEC does not have an overall parity bit for DED, so
the number of terms in the systematic form polynomials is exactly the same as for the dis-
tributed form polynomials. Equation (4.10) relates the syndrome of the data in the window
at time i+/ in terms to the syndrome at time i, and D(x) is given by (4.5). The values of d,
and p, for each term in D(x) for the DS1-FEC code are given in Table 4.4, ’

Table 4.4: Coefficients and exponents in D(x) for the DS1-FEC code

J dj

F2314 Ty D rerg
Fa121 D 1322|2124
f1o28 D rygp9 | 1932
F173s D Fyo3 | 1740
Fise2 D rysqy [ 1548
r1349 D 1350 | 1356
Flise D ryisy [ 1164
ooy Plogy |972
T190 P14y, |780

Fgq ®© g S
Tg) ®ry, 204 4
Fa31s® tnew] 12 [[22 | rsp ® 1 |3
2
1
0

2122 © 33,4 | 11 23 Fags © Iy

Ti929 D 139

F1736 D M98 |9

T1543 D935 |8
18 Fi3s0® Frsez | 7

IR || wnwlalw]w

Note that bit 2315 is the MSB in the receiver buffer at time i, and that bit “NEW"” is the
newly received bit at time i+/ (used to compute d13). The remainder of the division of
cach x™ term in D(x) by G(x)ps; is a fixed polynomial, of less than degree 12, and can be



precomputed. These are given in Table 4.5.
Table 4.5: Remainder of DS1 Difference Potynomial Terms Division by G(x)pg,;

xP) mod G(x)
(MSB First)

100011011101

011000000 11

a3 |1932 [1o0n011111

001000000000

9
da 1740 | 011110011010  |d17 |8 000100000000
ds 1548 | 110010001100 |di8 |7 | 000010000000
46 | 1356 | 110100101000 [d19 |6 | 000001000000
a7 1164 | 111010100111 420 000000100000

,,,,, " 000000010000
000000000100
000000000010

000000000001

Bl s | oBa | N ‘

d10 588 110100011011 d23
it | 396 100101010100 d24
d12 204 | 010000001010 d25

\c‘

di13 12 000001010011

Finally, by grouping terms of equal polynomial order in Table 4.5, the compensation func-
tion for each term in xS;(x) can be developed. These are given in Table 4.6.



[d1 @

29d3Od7 ©dS Dd9 ©dI0 ©dI3 B d25

x| | d2@d30d 07 ©d9 @dI10 @d12 ©dI3 ©d24 "

. |dededededoded od3 )

x> 41 ©d3 ©d4 ®dS © d6 ® d10 & d12 © d22 *
o 41 ©d3 B d4 ©d8 B dI0 ®d11 ©d13 & d2)

X | d6@dI ©d8 ®d9 ®d20 T
O dl ©d3 ©d8 O d9 D dl] B dl3 ®AI9 -

X! dl ®d3 B dd dS ®d7 OO D dIS
< 44 ©d6 D d9 DdI0 @ d11 ®d17
x 42 @ d3 @ d4 @ d7 B d16

%10 d2 ®d4 D dS © d6 @ d7 © d8 B 9 @ d10 D d12 B d15
U dl ®d3 ®d4S ® d6 ® d7 D d8 @ d10 ® di1 ® d14

Thus the syndrome at time i+ can be obtained by clocking the syndrome at time / in the
+(G(x) register and adding the corresponding compensation functions from Table 4.6 to
each term of the result.

We now consider the circuits to implement CCSC (as above) for the DS1 and DS3 signal



The schematic diagram of the Codeword Delay Buffer is shown in Figure 4.2:

D . . 1360 Bit
' Shift Register
[— — — Q
L a0 956 Bit 7 —aD Q
) Shift Register — —
[ | LAST
DSI/DS3 — —

4[]
TAPpg)

Figure 4.2: Codeword Delay Buffer Block Diagram
The following are the inputs to the Codeword Length Delay Buffer:
* D: Serial data input
» DS1/D33: Mode select
and the outputs from the module are the following:
« LAST Input data delayed by exactly one codeword time

s ©: Input data delayed by one codeword time plus two bit time delays. The additional
delays compensate for two pipeline delays introduced by the FAU and ECU to de-
glitch a number of control signals.

* TAPpg): Delayed data signals at various points along the 1360 bit and 956 bit shift
registers used to generate the DS1-FEC CCSC compensation functions

¢ TAPps;: Delayed data at various points along the 1360 bit shift register used to gener-
ate the DSB*FEC‘ CCSC compensation functions
The codeword delay buffer is composed of 2316 D-flip flops. This is the length of a DS1-
FEC codeword. The size of the delay register is re-configurable for DS1 or DS3 mode. In
DS3 mode only the first 1360 flip flops are used. A 2:1 MUX selects the length of the
delay buffer. The MUX is controlled by the DS//DS3 mode signal. When it is low, the out-
put of the 1360th flip flop in the delay chain is selected as the end of the delay register. If
DS1 is high then the output of the 2316th flip flop in the shift register chain is sclected as
the delay register output. Note also in DS3 mode (DS 1=0) the AND gate, a0, is turned off.
This prevents data from being shified into this unused portion of the delay register,
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thereby reducing power consumption.

As presented in Sections 4.3.1 and 4.3.2, the delayed data at various positions along the
shift register is used 10 generate the CCSC compensation terms for single bit time syn-
drome compensation. In DS3 mode, the set tap positions is TAPpg3 = {83, 84, 168, 169,
253, 254, 338, 339, 423, 424, 593, 594, 763, 764, 848, 849, 933, 934, 1018, 1019, 1103,
1104, 1273, 1274, 1359, and NEW }, where the number indicates the Q-output of that par-
ticular flip flop (where flip flop #0 is the first flip flop in the delay chain), and “NEW™ is
the new bit at the input to the delay register. In DS1 mode, the set of tap positions is
TAPpg, ={ 191, 192, 384, 385, 577, 578, 770, 771, 963, 964, 1156, 1157, 1349, 1350,
1542, 1735, 1736, 1928, 1929, 2121, 2122, 2314, 2315, and NEW}. These taps are
grouped to form the two buses.

4.34 DS1 and DS3 CCSC Compensation Terms Generation

The circuitry for generating the CCSC compensation functions for the DS1-FEC and DS3-
FEC codes froni the delayed data on TAPpg; or TAPps3 consists of five main blocks
shown in Figure 4.3:

TAPpg; i
DSl 124 TAPpss 'I 25

DS1 dj {25 ' DS3dj ’I 25
DSl Generate ' DS3 Generate
Cnmp:nsmon Function Compensation Function

Compenunon .

DS1/H53 ﬂ

Figure 4.3: CCSC Compensation Term Generation Circuitry
The “DSI Generate dj” and “DS3 Generate dj” blocks consist of 2-input XOR gates
whiéhcmﬁmthedehyeddmmcmthediﬂ%mm(dfs)presentedin'(‘ables
44md4lrespecuv=ly The difference terms are then routed to the “DSI Generate Com-
ensation Function” and “DS3 Generate Compensation Function” modules. These
b@ksmafmulnmpuxoﬂm(ﬁumhnmm)mhmm:dnm
create the DS1-FEC and DS3-FEC compensation terms presented in Tables 4.6 and 4.3
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respectively.

i.c. the difference terms (d;) are computed from different delayed data points and cach
compensation function is derived from different d;'s. Therefore only one set of them ix
routed to the +G(x) register depending on the mode of operation. The DS1 and DS3 com-
pensation functions arc selected by a 12-bit 2:1 MUX bank as shown in Figure 4.4. The
MUX is controlled by the DSI/DS3 mode line to select the appropriate compensation
functions to connect to the +G(x) syndrome register.

- DSI DS3 DS1 DS3  DsI DS3 DS1

0 CF# CF#1 CF#2 CF#1 CFw#2 CF#10 CF#it
DS1 |

Figure 4.4: CCSC Compensation Function Selector MUX

Note that there are 12 DS1-FEC compensation terms and only 11 DS3-FEC compensation
functions. The unused compensation term linc in DS3 mode is hard-wired 10 zcro.

4.3.8 CCSC (+G(x)) Register

the code generator polynomial, G(x), and the addition of the compensation functions to

the result. The CCSC register is shown in Figure 4.5. The following are the inputs to the

module (in addition to the system clock and the asynchronous reset not shown in Figure

4.5):

* DSl, DS3: Mode select lines to configure the register architecture for DS1 or DS3

i of operati

* CCSC Compensation Functions: The CCSC compensation functions for cither DS) or
DS3 mode of operation as derived in the CCSC Compensation Function Generation
block.

The following are the module outputs:

* SYNDROME: Syndrome for the received word currently in the codeword length delay
buffer. (12 bits DS1; 11 bits DS3)

* ZERO: Asserted HIGH if the all bits of the syndrome register are zero. Asserted LOW
in the syndrome register contents contain any non-zero bits,
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Ignoring the compensation functions for a moment, the CCSC is a lincar feedback shift
register which implements division by the code generator polynomial, G(x). The register
is re-configurable to implement G(x)pg, or Gix)ps3 depending on the mode of operation.
Only the 11 left-most flip flops are used in DS3 mode. In this case. the AND gate, a0, is
turned off, forcing the output of f0 to zero. This removes the effect of ) on the feedback
connection at e/. In DS1 mode, a/ is transparent. connecting the feedback signal from ¢()
to the D-input of f0.

The feedback points in the register are controlled by AND gates a/, a2, and u3. In DSI
mode, fU is the least significant flip flop in the register. so feedback is necessary at the D-
inputs of 0, fl, f4. and f6 to implement G(x)pg;. In DS3 mode. f/ is the least signiticant
stage in the register so feedback taps are required at the D-inputs to f and f3 to implement
G(x)ps3. In both cases. the feedback signal comes from the output of f1/. In DS| mode,
a2, and a3 enable the feedback taps at the inputs to flip flops f4 and f while al is turned
off, breaking the feedback tap at the input to f3. In DS3 mode, a2 and a3 are turned off,
breaking their feedback connections, while a/ is transparent, connecting the feedback sig-
nal to the XOR gate at the D-input of f3.

Note that the compensation functions are derived from the delay register contents at time /,
but must be added to the current syndrome once it has been clocked in the +G(x) register
(i.e. at time i+/). One solution to this problem would be to route the 12 compensation
function lines to 1-bit delay elements (D-Flip Flops) before adding them to the terms in
CCSC syndrome register. However, a more efficient scheme is to add the compensation
functions to the signals at the D-inputs of the flip flops in the syndrome register. This is
valid as the D-inputs carry the values which will be transferred to the Q-outputs of the flip-
flops on the next rising clock edge. Thus the need for 12 delay elements is removed. This
the method is implemented in Figure 4.5.

The “Syndrome =0" module examines the values at the D-inputs to the flip flops in the
CCSC register (after the compensation functions have been added in), to determine if the
syndrome is equal to zero. In DS1 mode all 12 bits of syndrome information arc consid-
ered. In DS3 mode, only the 11 left-most bits in the syndrome register need to be exam-
ined. The “Syndrome=(0" module thus implements the following boolean function:

ZasII+SI0+SO+SB+S/ +50+S3+54 +83 +s2+81 +(DSI)NsD) (4.13)

where sj is the D-input of flip flop j in Figure 4.5. This function, Z, is routed to a D-flip
flop. Thus the signal on the ZERO output line changes simultancously with the syndrome
information it represents.

55



syndrome in the CCSC syndrome register is initially representative of the data in the delay
buffer. This can be achicved by purging the delay register of its contents and filling it with
zeros, and clearing all of the flip flops on the CCSC syndrome register (0 zero. With this
the received word, regardless of the error weight or frame misalignmert. Only an error on-
chip between the delay buffer input and the CCSC compensation function generator would
cause a failure of the CCSC approach.

4.4 Parity Computation Register
This module computes the parity of the data bits in the 1360 bit delay buffer in DS3 mode
for double error detection purposes and for use in the frame alignment process. Recall that
in DS} mode, a parity bit was computed to make the overall parity of each DS3-FEC
codeword even, and this bit is carried in bit position 1275 of the DS3-FEC codeword for-
mat. The parity of the data in the delay buffer at an arbitrary time i:
P=r,®r@r,® ... &r);3 @.14)
where ry. 1359 are the values of the bits at the Q-outputs of the 1360 flip flops which make
up the delay register. (Flip flop 0 is at the input to the delay register and flip flop 1359 is
the output).
The mechanism for computing the parity of the data in the delay buffer is similar in princi-
ple to CCSC. The parity computation circuit computes the parity of the data in the window
at time i+ 1, i.c. after including the next bit and discarding the oldest bit from the register,
by modifying the parity from the data in the window at time i, At time i, if P, is the parity
of the data in the delay register, rygw is the bit which is charging up the input to the delay
buffer (but has not been clocked in yet), and 1349 is the bit at the delay register output,

18:

i+

Figure 4.6 shows the circuit which implemen



LAST

(not sho\vn) are the fD!lmvmg.

* NEW: the value of the bit which will be clocked into the delay register on the next ris-
ing clock edge (fNgw)-

compenmlon). ie. the bit at the same index into the received word as rNLw except
delayed by one full codeword time (r;359)
The only output is the parity of the data in the delay buffer, PARITY.
The D-flip flop, fO, maintains the value of the parity for the received word at time i on its
Q-output. This value is fed back to one input of the 3-input XOR gate, x0). The values of
the newest and oldest bits are routed 1o the other inputs of x0 to implement (4.15). The
output of x0 is connected to the D-input of /) and will be transferred to its Q-output pin on

the next rising clock edge. Thus the parity on the Q-output of 2 will always be representa-
tive of the data contained in the delay buffer.

This method for continuously computing the parity of the data in the delay register
requires that the parity be initially representative of the data. This is achieved at reset time
when the de.lly buﬂ‘er is purged a,nd sct to contain all zeros. The Deﬂip ﬂqp ﬁ) is also
dow.

Once the syndrome and the parity for the received word have been computed, they are
routed to the FAU and the ECU.

4.5 Frame Alignment Unit (FAU)
The FAU implements the algorithms for reframing and out-of-frame detection using FEC
pines which were outlined in Sections 2.4.1 and 2.4.2.
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CCSC syndrome register are identically zero. In DS3 mode, both the syndrome and the

“zero syndrome” means that the 11 DS3 syndrome bits are equal to zero and the parity of
the received word is simultancously zero. Thus the definition of a zero syndrome for the
framing logic is given by:

ZS = (12 bit Syndrome=0)DS1) + (11 bit Syndrome=0)(Parity=0)(DS3) (4.16)
Note that the FAU does not require the actual 12/11-bit value of the syndrome. All the
framing logic is concerned with is whether the syndrome is zero or non-zero. The value on
the ZERO line of the CCSC syndrome register and the value of the received word parity
are combined as in (4.15) and routed to the FAU.

The block diagram for the FAU s shown in Figure 4.7:

lZS J TC
OFD_ENABLE —— __INFRAME

FAU System Controller

COUNT | COUNT
ENABLE | CLR

COUNT=Cg

FAU
Confirmation Counter

Figure 4.7: Block Diagram of FAU module
The inputs to this module, in addition to the system clock and the asynchronous reset (not
shown) are the following:
* Z5: Asserted LOW if the syndrome is equal to zero.



STATE A: OOF and SEARCHING FOR A FRAME CANDIDATE
IF (ZS s TRUE) |
IF (FAU Confirmation Counter = Cy) {
declare INFRAME ,
STATE=C;
) ELSE {
mcrement FAU Confirmation Counter
STATE=8;

}
} ELSE {
SLIP one bit position ;
}
STATE B: OOF and CONFIRMING,

Wait for Codeword end time .
IF (ZS is TRUE) {

increment FAU Confirmation Counter
STATE=3.
}
) ELSE {
Clear FAU Confirmation Counter ,
SL'P one bit position ,
STATE=A;
)

IF (OFD_ENABLE is de-asserted) {
STATE=C,;
} ELSE {
Wait for Codeword end Time ,
IF(ZSis TRUE) {
clear FAU Confirmation Counter .
STATE=C;
} ELSE {
IF (FAU Confirmation Counter = Cy) {
clear FAU Confirmation Counter ,
SLIP one bit position ;
STATE=A;
} ELSE {
increment FAU Confirmation Counter ,

Figure 4.8: Pseudocode for the FAU System Controller



* Cg: Chip level input; 5-bit Reframe confirmation threshold value

e 7C (Terminal Count): Indicates the last bit of a codeword has clocked in to the FEC
decoder, i.e. it is the codeword end time.

and the outputs from the FAU are the following:

* INFRAME: Assented HIGH when the framing logic has established frame alignment.
Asserted LOW for when the frame alignment is lost

* SLIP: The SLIP signal is asserted for one bit time for each bit position which is rejected
as 4 Landldate fcr the Frame boundary dunng lhe search phase of thc reframe process

counter, two ﬁve bit equ;valcnce comparators, .Lnd the system cgm.mlleri The confirmation
counter is a 5-bit up counter with count enable and synchronous clear. Each 5-bit compar-
ator compares two 5-bit numbers. Its output is asserted high only if the two numbers are
the same (Appendix A). The system controller is a logi¢ minimized state machine which
implements the re-frame and out-of-frame detection algorithms outlined in Sections 2.4.1
and 2.4.2. The pseudocode for this state machine is given in Figure 4.8.

When in State A, the FAU is aut-af-frm and seaﬁ:hing for a frame candidate The syn—
tion is re;ected as a fram: candndate and l_ih: FAU circuitry shps to the next bn pg;:ugn.
The timing of control signals in the FEC dccoder is controlled by an event sequeneer (Secf
alwuy; oceur exaclly one bit time aftcr the ,systgm counter in the sequencer reaches its ter-
minal count, i.e. count equal to zero. The SLIP output asserts the synchronous clear input
on this state counter, keeping it at zero unul a position which decodes a zero syndrome is
found. When a zero syndrome position is located, SLIP is de-asserted so that the state
counter is free count. This establishes the sequencing so that the terminal count of the state
counter occurs at the assumed codeword boundary. Then, the value of the FAU confirma-
tion counter is checked for a match with Cg via one of the 5-bit comparators. At this point
lhie can mly happen if Cg is eq'ua! to zero (i.e. no conﬁmﬁnns) lf this is the case then

memed,i by asscmng the CQUNT ENABL—E sngna,! and the conﬁrmanon process begms
(State B).
In State B, the FAU waits for one full codeword time from the assumed codeword bound-



ary position defined by the frame candidate before examining the syndrome again. The
codeword end time is defined by the assertion of the TC input. If the syndron is zero, the
value of the FAU contirmation counter 1s checked via the 5-bit comparator to see it at is
equal to Cg. If it 1s not then further confirmations are required before the in-frame state
can be declared. The FAU confirmation counter is incremented by asserting the COUNT
ENABLE signal and the framing circuitry waits for another full codeword time hetore
examining the syndrome again. When the counter value reaches Cg. in-frame is declared
(State C), the confirmation counte: is cleared via the COUNT CLR line, and the QOOF
detection process begins. If a non-zero syndrome is decoded at the assumed codeword end
time before the counter reaches Cg. the candidate position is rejected. the counter is
cleared, and the search process resumes (State A).

The system is in-frame in State C. In this state, the framing logic is constantly testing tor
OOF detection by examuning the syndrome at codeword end times. If o4 non-zero syn-
drome is seen, the value of the FAU confirmation counter is compared 10 C(, via the sec-
ond 5-bit comparator. If the value is less than Cg, the in-frame state 15 mantained but the
counter is incremented. If non-zero syndromes persist at the codeword end times then the
counter will eventually reach C. OOF will be declared, and the search State A entered.
However, if a zero syndrome is decoded at the codeword end time before the counter
reaches Cg. the counter is cleared and the in-frame state is maintained. Note that the OOF
detection process can be disabled by de-asserting the OFD_ENABLE signal. In this case,
syndrome examination at the codeword end times 1s inhibited and the current position
which the FAU believes is the frame boundary is maintained, even if frame loss occurs.

Notc that only one counter is used for the reframe confirmation process and the OOF
detection process as these states are mutually exclusive. Also note that the SLIP and
INFRAME signals are routed to D-flip flops (0 remove decoding glitches as they drive
modules of the FEC decoder outside of the FAU. This introduces one pipeline delay in the
system as the SLIP and INFRAME lines must change coincident with the first bit of a
codeword emerging from the decoder. The pipelining is compensated for by one of the
additional D-flip flops in the codeword delay register. The COUNT ENABLE and COUNT
CLR signals are not transported outside the FAU and hence are not de-glitched.

The state machine logic for the FSM pseudocode in Figure 4.8 was muminuzed using
“espresso” [11]. The “espresso” input and output files for the FAU System Controller are
in Appendix B. Direct implementation of the pseudocode would have required 31 gates in
the LSI Logic design system. The minimized implementation required 28. Thus the logic
minimization still resulted in a 10% saving in system controller gate count.
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After asynchronous reset or power-up, the FAU system controller is brought up in State B.
This allows it to clock in one full 1360/2316 bit received word before it begins using the

syndrome data to scan for the frame boundaries.

4.6 Error Correction Unit (ECU)

As noted previously, the syndrome information from the CCSC syndrome register is also
routed to the ECU. The ECU is responsible for processing the syndrome information at
codeword end times to do determine if the received word contains any errors, If a single
error is present in the received word, the ECU locates the errored bit. The block diagram
of the ECU is shown in Figure 4.9:

PARITY ZS SYNDROME
DSs3/ DST - l : — J
DSIDSI 2 ,
_ Meggitt
' Register
INFRAME ————»| ERROR —
LOCATED
— -+ DED
B —
8 System + HOE
Controller . + OPBEr
BIT 1358 —— | ke
: - —— SED
TC — Correction o
Signal Lacch | SEC

T F——

Lag Counter

Figure 4.9. Error Correction Unit Block Diagram
The inputs to this module are the following (excluding system clock and asynchronous
reset, not shown):
 DSI, DS3: Complcmentary.mode select signals
e INFRAME: Frame alignment status of the FEC decoder from FAU,

* CB: Asseried HIGH if the bit at the output of the delay buffer in the next clock cycle
(note not the current cycle) is an FEC checkbit.



BIT_I1358: Used in DS3 mode only: indicates when all possible bit positions have
been examined for an error in the DS3-FEC codeword.

TC: Terminal Count; indicates codeword end time.
PARITY: The value of the parity of the received word.
SYNDROME: The syndrome for the received word.

ZS: Asserted if all bits of 12/11-bit SYNDROME (for DS1 or DS3 respectively) are
identically zero.

and the outputs of the ECU are the following:

SED (Single Error Detect): Asserted HIGH when a single error is detected. The pulse

SEC (Single Error Correct): Asseried HIGH when a single error is conected. The
pulse occurs in the same clock cycle that the errored bit emerges from the codeword
delay register.

DED (Double Error Detect): Asserted HIGH for one clock ¢yele, coincident with the
first bit of a codeword containing a double error when it leaves the codeword delay
register. (DS3 only).

HOE (Higher Order Error): Asserted for one clock cycle in the last bit position (DS1)
or next to last bit position (DS3) of a codeword containing a higher order error (1o e
defined).

OPBE rr (Overall Parity Bit in Error): Asserted HIGH for one clock cycle coincident
with the first bit of a codeword. when it exits the delay register, in which the overall
parity bit itself was observed to be in error. (DS3 only)

The ECU determines the location of a single bit error and gencrates a signal to correct that
crror. Error location is disabled under the following conditions:

(i) while the decoder is OOF.

(i) when in-frame, and a zero syndrome is decoded, 1.€. an error free received
word.

(iii) when in-frame, a zero syndrome occurs, and the received word parity 1y odd,
i.c. the overall parity bit itself 15 1n error.

(iv) when in-frame, a non-zero syndrome occurs, and the received word parnity 18
even (DS3 only).

Case (iv) represents a double weight error in one codeword. In this case, error correction is
inhibited to prevent error extension. Only when the system is in-frame, & non-zero syn-
drome is decoded, and the received word parity is odd is error location enabled. These are
the conditions which indicate that a single error has occurred.
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The strategy for locating the bit in error is the Meggitt decoding technique [9]. Tine non-
zero syndrome on the SYNDROME input lines is parallel loaded into the Meggitt register.
The Meggitt register is a conventional +G(x) linear feedback shift register, i.e. without
CCSC compensation. The block diagram for this register is shown in Figure 4.10.
The flip-flops which make up the Meggitt register D-flip flops with synchronous load and
synchronous clear (Appendix A). The register implements division by G(x)pg; or
G(x)psa depending on the mode of operation. The feedback taps are controlled by AND
gates 40, al, a2, and a3 in a manner identical to the CCSC syndrome register (Section
43.5).
As euch bit of the received word is shifted out of the delay register, the syndrome in the
Meggitt register is examined for a specific remainder result which indicates the error posi-
tion. For a shortened "'amming code, the error location pattern is given by [9]:

x™! mod G(x) 4.17)
where n is the number of codeword bits in the full length parent code (not including the
overall parity bit if one exists), and [ is the number of bits by which the parent code has
been shontened. For the DS1-FEC and DS3-FEC codes, the error location patterns are the
following:

ELP(X)ps; = X2 mod Gx)pgy =x" +x!10+ x84+ x2+x+1=C47¢  (4.18)

ELP(X)ps3 = x'**®mod G(x)ps3 = x'0 + x® + x2 = 504,¢ (4.19)

when the syndrome in the Meggitt register matches this pattern, the bit emerging from the
delay buffer is the bit in error. The respective pattern is decoded by the pattern detection
block in Figure 4.10 (Appendix A for circuit description). When the error is found, the
Meggitt register is cleared to prevent any further error correction activity in the current
codeword.

The Meggitt decoding strategy assumes that the received word is in systematic form. The
codcwords causes an offset between the time at which the error position is located and the
time at which the corresponding data actually emerges from the delay buffer. For example,
consider the DS1-FEC codeword. The very first position in the codeword is an FEC
checkbit. Suppose then that the CCSC decodes a syndrome of C47,4 for a received code-
form, i.c. the first message bit, is in error. However, the first message bit actually resides in
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error in this bit must be delayed by one bit time. In general, for each checkbit passed over,
the number of bit times which the error correction signal must be delayed increases by
onc. This is the difference between the signals on the SED and SEC output lines. SED is
asscrted during the bit time that the crror is located; SEC is asserted when the errored bit
actually emerges from the delay register, taking the interleaved checkbit positions into
account.

The required delay is managed with the Lag Counter and the Correction Pulse Timing
Latch. The Lag Counter is a 4-bit up/down counter with synchronous clear and count

tion of the correction pulse (Appendix A). While the Meggitt decoder is shifting to locate
the bit error, the Lag Counter is incremented each time a checkbit is passed over. When the
crror position has been determined, the Correction Timing Latch is armed. The Lag
Counter is then decremented once for each message bit passed over. When the counter
equals zero, the Correction Pulse Timing Latch asserts the SEC signal. The SEC signal is

chip. The Correction Pulse Timing Latch uses a D-Flip flop to de-glitch the SEC signal
which introduces a one bit-time delay. This delay is compensated for by the second addi-

very first bit of the DS1-FEC codeword is a checkbit, there is an immediate a lag of one bit
time between the error location and correction pulse timing. In DS3 mode, the first timing
lag occurs after bit 85 (the first FEC checkbit). Thus the operation of clearing the Lag
counter in DS1 mode actually involves loading the counter with 0001 rather than setting
its content to zero as for DS3 mode.

Because the DS1-FEC and DS3-FEC codes are shortened from their respective parent
codes, a percentage of higher weight errors (>1 DS1 or »2 DS3) can also be detected. In
the parent codes, cach non-zero syndrome value indicates a specific bit error position. In
shortened codes, only those syndromes corresponding to single bit errors in the shortened
code space have physical meaning. When a higher order error (HOE) occurs, the decoder

thus the error location block will be enabled. If the syndrome is associated with a single bit
error in the shortened code space, an error correction attempt will be made, but it will typ-
ically be at a bit position which is not truly in error causing error extension rather than
error correction if a HOE truly has occurred. However, if the end of the shortened code-
word space is reached (e.g. terminal count for DS1, BIT_1358 for DS3) and the error has
not yet been located by the ECU, then the syndrome corresponds to an error in a bit posi-



tion outside the shortened codeword space and a HOE is thereby detected in the decoder
and indicated on the HOE line,

The ECU system controller manages all of the control signals to implement the error loca-
tion a’lgﬁﬁthm desr:rihed above. qud(u:odc for this controller in DS1 and DS3 nmde-f. of

dnffgrent for DS1 and DSl Thg key dlfferemcs are as fnllaws-!
(i) DS3 mode must process the parity bit also for DED.
(i) The search length is less than the codeword length for DS3 by one bit due to
the overall parity bit.
Each DS3-FEC codeword is 1360 bits Icmg but ﬂnly 1359 of these are m::;sage bits and

detemuned wuhm 1358 shlfts of the Meggm wglster. This is why the D83 error location
algorithm exits after the 1358th bit has been clocked out of the delay register (indicated by
the BIT_1358 signal) rather than when the last bit is clocked out. An error in the last bit is
still correctable because the Correction Pulse Timing Latch delays the correction pulse
timing as needed. The fact that the DS3-FEC decoder is always able to return to the dis-
abled state (State A) before the codeword end time means that its actions whether the sub-
sequent codeword is error free or in error are identical. This luxury does not exist in the
DS1 state machine. If the error is in the very last data bit then the system controller will
still be in state C when the syndrome must be examined for the subsequent codeword. If
the codeword is error free then the machine goes to state A, otherwise it goes directly to
state B and begins the process of locating the error.

The system controller was implemented by combining the two state machine algorithms,
and reacting appropriately depending on the mode of operation, i.c. DS1, DS3 are param-
eters of the input control logic. An optimal state assignment for the controller was
obtained using a program called “mustang” [11). Mustang makes state variable assign-
ment so that the silicon area occupied by the finite state machine (FSM) is a minimum,
unp!ymg that the amount of next state and output function logic must be minimized. A
imized logic implementation of the controller was achieved using “espresso” [11]. The
“mustang” and “espresso” input and output files arc in Appendix B. The minimized
deondmglopcfnrmeFSMmquuedunly 127 gates in the LSI Logic design system. The
' mized version would have required 254 gates. Thus a savings of




4.7 Output Conditioning

This module has the following two functions. The first 1s the actual correction action to
correct a single bit error. The second function is reconstruction of the conventional DS1 or
DS3 OH-bit sequence. For DS this means replacing the checkbits of the FEC code with
the conventional F-bit sequence. For DS3, in addition to restoration of the F-bits, the two
C-bits which were uscd to transpaﬂ FEC checkbits must be restored to match the value of
The Decader Output Conditioning Module is shown in Figure 4.12.

__OH-SEQUENCE RESTORE

DATA_IN
SEC
DATA_OUT
—
MSO, MS|
CATCH_C

Figure 4.12: Decoder Output Conditioning Module

The inputs to this module, in addition to the system clock and asynchronous reset lines

(not shown). are the following:

e  DATA_IN: the value of the bit currently emerging from the delay buffer (including
pipeline delay re-times)

* CORRECT_BIT. single bit error correction pulse from ECU

* M5S0, MSI: multiplexor control signals for OH-bit sequence reconstruction. (Come
from main decoder control event sequencer)

* CATCH_C: control signal (from main event sequencer) to indicate that the bit on the
DATA_IN line is one of the two valid C-bits covered by the DS3-FEC codeword and

should be sampled for use in replacing the checkbits at the other C-bit positions in the
sponding frame.

The module has a single output, DATA_OUT. which is the error corrected DS1 or DS3 data
signal with the conventional framing sequence restored.



4.7.1 Error Correction Function

The XOR gate, x0, implements the correction action to correct a single bit error. When the
bit emerging from the delay buffer. i.e. the bit on the DATA_IN line has been identitied as
being in error. the SEC line is asserted high. The logic level at the output of A0 is the com-
plement of the bit value on DATA_IN. Hence the erroneous it is corrected. When no error
correction action is to take place, SEC will be low and the data will pass through 0
unchanged.

4.7.2 OH-Bit Sequence Reconstruction
For the DS1 mode of operation, the 4:1 MUX is used to restore the conventional F-bit

emerging from the delay buffer, i.e. the bit on the DATA_IN line, is a message bit, then it is
allowed to pass through the 4:1 MUX and is put out on the DATA_OUT line. If the bit on
the DATA_IN line is an FEC checkbit which occupies an F-bit position which is normally
a | in the DS1 superframe then the MUX controls are used to select the MUX input which
is hard-wired to a | rather than this bii.. Likewise for a logical zero.

a bit is presented to the Output Conditioning from the delay register which occupies an F-
bit position, the bit is ignored and the appropriate value of the conventional F-bit is
selected on the MUX for insertion instead. However. in the DS3 case, the C-bits which
were used to transport FEC checkbits must also be restored to the value of the one valid C-
bit for the associated frame, i.e. the C-bits must emerge triplicated from the FEC decoder.
Each time that a valid C-bit emerges from the codeword delay buffer (it happens twice per
DS3-FEC codeword), the value of this bit is sampled by the CATCH C-BIT module (sce
Appendix A for a circuit description). This value is held on the C_BIT output of this mod-
ule until the next valid C-bit emerges from the delay buffer. The value of the sampled C-

control of the 4:1 MUX. Note that the error correction takes place prior to the C-bit resto-
ration because if the valid C-bit is in error then it is necessary to correct this error prior to
sampling the bit and reconstructing the frame sequence

The MSO, MS!, and CATCH_C control signals also come from the main decoder system
controller module (Section 4.8). These are used to select the appropriate input of the 4:1
MUX for correct reconstruction of the OH-bit sequence. Table 4.7 presents the functions



implemented for each possible value of MSO and MS1.
Table 4.7: 4:1 MUX Control Signal Truth Table

MS0 MS| Value on DATA_OUT line |
0 DATA_IN |
I o )
1 0 i
I l Sampled C-Bit

Note that there is no explicit re-configurability to the architecture of this module for DS1
or DS3 mode of operation. The CATCH C-BIT module is simply not used in DS1 mode as
there are no C-bits to restore.

4.8 Main FEC Decoder System Controller

The main decoder system controller is responsible for asserting the required control sig-
nals at the appropriate times to allow correct operation of the frame alignment, error cor-
rection, and frame reconstruction process. These control signals include the following:
MS0, MS! MUX control signals for F-bit replacement, CATCH_C for C-bit sampling,
FRAME_OUT, marking the start of each outgoing DS | Superframe or DS3 Frame; MEM-

FEC checkbit; EQ_1358, to indicate to the ECU in DS3 mode that the end of the error
location space has been reached, and TC, to indicate the codeword end time. The main
decoder system controller consists of two units, the system state counter and the state
decoding logic. The system state counter is a 12-bit binary cyclic counter. It counts from 0
to 2316 in DS1 mode and from 0 to 1359 in DS3 mode. The state decoding logic decodes
the value of the counter and asserts the control signals depending on Table 4.8 summarizes
the counter values for which each signal is asserted.

When the system loses frame alignment, the OOF declaration will be made when the sys-
tem state counter is equal to zero. The SLIP output from the FAU is applied to the syn-
chronous clear of the system counter, thus holding it at zero until a frame candidate is
found.



Table 4.8: State Counter Values for whith e:ch Lomml ‘il;ml is Asserted

Counter Values (DS1) 1 Counter Values (DS
Decoded Decoded

MSO ’ 193, 386, 579. 1158, 1930,

1285, 340, 425, 510, 935, 1020,
2123 110S. 1190
MS1 0, 772.965. 1351, 1544, 1737. | 85,340, 510, 595, 765, 1020,
1190, 1275
CATCH_C N/A 170, 850
FRAME_OUT 0 ] - 0. 680 B
MEMBER_CB 192, 385, 578, 771,964, 1157, | 84, 254, 339, 424,509, 594,
1350, 1543, 1736. 1929, 2122 | 764. 934, 1019, 1104, 1189,
1274
EQ_1358 N/A 1358
TC | 2315 ' 11389

Note that the MSO and MS/ signals are asserted one bit time after the MEMBER_CB sig-
nal. The valu=s deceded for lhE‘ie three m’ntm] iiign'alf‘s are decodcd when lhe \"y'ﬂem
1156, 1188. 1273, 1349. 1542. 1735. IQZS. and 2121, T_hey are co_mhmed appmpnalely o
create the MEMBER_CB signal and routed to a I-bit delay element to remove decoding
glitches and generate the correct signal timing. The terms are also appropriately combined
to form MS0O and MS1. These signals are routed to 2-bit delay elements to achieve their

correct timing.

The FSM lngic was minimized using “gspmsso" [l l] The eepmﬁm input and output files

imized gate count is 312/393.



Chapter 5
Theoretical FEC-Derived Framing and Error
Correction Performance of the DS1/DS3 FEC Decoder

In this chapter the theoretical framing and error correction performance of the FEC ANC
is presented. The framing performance analysis is examined first in Section 5.1, because af
frame alignment 1s not achieved \hen no error correction can take place. The theoretical

error correction performance and BER improvement is presented in Section S22

5.1 Theoretical Framing Performance

The process of frame alignment and its associated timing parameters, reframe e, OOF
detection time. MF time and FIF time, were detined in Chapter 2, along with the stratepy
by which FEC framing was possible. In [3]. a method was presented to estimate the afore-
mentioned timing parameters for FEC-framing for the purpose of (1) selecting Cy and Cg)
such that FIF and MF times were at least as long as in the conventional franung system 1o
which FEC-derived framing was compared, and (1i) for analyzing the theoretical reframe
time and OOF detection time performance using the selected threshold values. In thas
chapter, the methods from [3] for obtaining the theoretical distributions of reframe time

changes so that the timing parameter cyuations are in terms of the ASIC inputs Cg and
Co. Given that MF and FIF times arc made extremely long, Ty and Tqypp) are the frank
alignment timing parameters of most practical interest as they characterize the two most
common transitions in the frame alignment process.

The technique in [3) for estimating the timing parameters 15 identical to the method for
lumped frame alignment word (FAW) framing presented in [5]. This technique is valid to
apply to FEC framing as FEC framing is effectively equivalent to FAW framing. Afler
transformation of the codewords into their respective syndrome representations, searching
for the 12 bit zero syndrome (or 11 bit zero syndrome + even overall panty for DS3) is
equivalent to searching for an all zero FAW (with some adjustments in the probabilities
associated with FAW detection). The maximum average reframe and OOF detection times
for FEC-derived framing are estimated using probability generating functions (PGF)
derived from signal flow diagrams as presented in [5). Section 5.1.1 defines the PGF, pre
sents some of its useful properties, and outlines the method for deriving the PGF for the
transition time between two states in a generalized signal flow diagram. In Sections 5.1.2
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and 5.1.3 respectively the PGF's for the maximum average reframe and OOF detection

times are derived.

5.1.1 Probability Generating Functions
The PGF of a random variable, X, is given by:

Py (z) = E[zX] = Zpiz“' = pOz""+ p,zx‘+pzzx’... (5.1
i

where E[] is the expectation operator, z is a dummy variable, and pg, p;. p2. ... are the dis-
crete probabilities for X = xg, x|, x5, ... etc. The mean and the variance of X can be

obtained from the PGF in the following way:

E[X] = P'y (1) (5.2)

VAR[X] = P", (1} +P'y (1) = {P'y (D) }? (5.3)

The PGF's for the maximum average reframe time and OOF detection time are derived as
signal transfer functions from a generalized state transition diagram describing each pro-
cess. In this type of state transition diagram, each edge has both a transition probability
and transition time associated with it. The transition time is expressed as the exponent of
the dummy variable z, which indicates time delay. The transition probability and transition
time indicate that the state transition on the associated edge happens with the indicated
probability and that when it does happen, it takes the indicated transition time. The PGF of
the transition time between any two states is simply *he signal transfer function of the state
transitions. The signal transfer function can be found using signal flow graph reduction

techniques.

$.1.2 Theoretical Maximum Average Reframe Time

The reframe process for FEC-derived framing consists of two distinct phases: search for
the codeword boundary, and confirmation to verify correct frame alignment. The PGF for
the search process, where a maximal length search must be performed is first derived and
then used as a timing parameter for developing the PGF for the complete reframe process
(combined search and confirmation).

5.1.2.1 The Search Process

The maximum average reframe time assumes that the search process begins at one bit past
the true frame boundary, i.e. the maximal length search. The search process must therefore
reject all misaligned bit positions of the codeword (n-/ bits). Each time that a bit position
is rejected, a slip is generated causing the framing circuit timing to shift to the next bit
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position. This process is called the talsehood detection process and s depicted in Figure
5.1 as the transition from bit position i in the codeword 10 the next position, i+ /, where
position i is an arbitrary miialigned bit position.

Figure 5.1: Falsehood rejection process for one it in FEC-denved tranung

The criterion in FEC framing for the rejection of bit position ¢ as the codeword boundary
is the syndrome decoded at position, . If the syndrome 1s non-zero, it is immediately
apparent that position i is not the codeword boundary and a shp s generated, i.¢. the tran
sition is made to state 1+ /. This transition takes a one bit time because CCSC allows sin
gle bit time computation of the altered syndrome for the succeeding bit position. However,
if the syndrome at position { is zero, due to data mimicking a valid codeword, position 7 is
held as a candidate frame position (transition from state i to state ¢ ;). Each instance that
the mimic persists at the candidate position, incurs an additional codeword time until it is
rejected by the confirmation (falsehood detection) process. The model shown in Figure 5.1
assumes that c is actually infinite when performing the falsehood detection process, i.c. a
false codeword boundary candidate is always rejected so FIF can never occur. The
assumption is reasonable because ¢ is chosen large enough so that the probability of FIF is
negligibly small and hence incurs negligible discrepancy in the estimated values of scarch
time.

The signal transfer function for the transition between state i and state i+/ in Figure 5.1 is
]
qmZ
1-p,2

For the maximal length search, (n-1) bit positions in the codeword must be rejected and it
takes a one bit time to slip to the true codeword boundary. Therefore, the signal transfer
function for the complete maximal length search process is:

(54)

4
tz) = ( lq_"‘p z)z‘ (5.5)
m

where p,=2-12 is the probability that data at a misaligned position in the codeword mim-
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ics a valid codeword, g, = 1 - py,, and & is the normalized duration of a single bit time rel-

code, 8=1/2316 and for w.c DS3-FEC code. 6=1/1360.

5.1.2.2 The Combined Search and Confirmation Process

The signal flow graph for the combined search and confirmation process is shown in Fig-

ure 5.2,

qy T™7)

Figure 5.2: Combined search and confirmation process for FEC-derived framing
After the search process (with timing characterized by t©(z)) is complete, the framing cir-
cuit arrives at the true frame candidate. However, due to bit errors in the data stream, the
syndrome at the truc codeword boundary may be non-zero. If this is the case, the true
frame boundary is rejected as a frame candidate and the search process is called in again.
Thas is indicated at state S in Figure 5.2 by the feedback loop onto itself. However, if the
codeword at the true frame position is error-free, then the confirmation process is called in

confirmation process then requires that Cg additional zero syndromes to be detected in
subsequent codewords before in-frame is declared. However, if a non-zero syndrome is
decoded during the confirmation phase, the confirmation counter is reset, the candidate is
rejected, and another maximal length search is required (transition back to state S).

state S and state Cp in Figure 5.2 is the following:

ot t(2) 5
T Cael Cyely
, 1-p* -2* )
|-qd-1:(z)-( T-p, 2
where py is the probability of the successful detection of a codeword, i.e. the probability
that each bit of the codeword is uncorrupted. For the DS1-FEC and DS3-FEC codes
respectively, pq is defined as follows:

(5.6)

Pre (2) =

n
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and gq = | - py. Cg 1s the number of times that 4 zero syndrome must be seen at the code
word boundary after the imtial zero syndrome is seen at the end of the search process.

The signal transfer function for the retrame process given i (5.6) 15 the PGE of the maxi

and the variance. The mean maximum average reframe is [S):

[ S |
o l=-p "
TRF = ,_Cal,,i{(n—l)pm... Pl' } (5.8)
) pdﬁ-* ) Ym Yy

The probability distribution o/ the maximum average reframe time can be’ obtaned by
expanding (5.6) as a power series as n (5.1).

5.1.3 Theoretical Out-of-Frame Detection Time
In FEC-derived framing. a c-successive count scheme is used for QOF detection as well as

for reframing [3]. The signal flow diagram for the out-of-frame detection process for FEC
derived framing is shown in Figure 5.3

— PmZ

Figure 5.3: Signal flow graph for the FEC-derived out-of-frame detection process

The OFD process begins in state | where the system believes itself to be in-frame but is
actually out-of-frame. At each codeword end time, the syndrome value is examined. If o
non-zero syndrome is seen, the system enters state O with the OFD s initially equal to
zero. At this point, Cp additional consecutive non-zero syndromes in subsequent code-
words must be seen before out-of-frame 1s declared. If a zero syndrome is decoded at any
time during the confirmation process, due to a codeword mimic at the misaligned position,
the OFD counter is reset and the system retums to state 1. The signal transfer function
from state I to state Cq in Figure 5.3 is
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(5.9)

where py, and g, are as defined in Section 5.3, and Co is the number of confirmations in
which a non-zero syndrome must be seen at the assumed codeword boundary before OOF
1s declared, once the mnitial non-zero syndrome is seen. Equation 5.9 is the PGF of the out-
of frame detection time and can be used in equations (5.2) and (5.3) to obtain the mean

't 4 power series to obtain the probability distibution of OOF detection times. The
mean OOF detection time is given by [5):

. ] 1 !qnclu* I
Top = ( i |) (5.10)

5.2 Theoretical Error Correction Performance

In this section the error correction/detection capabilities of the DS1-FEC and DS3-FEC
code are summarized. This information is used to determine the BER of the error cor-
rected data stream for a given input error weight where bit crrors are assumed to be ran-
dom and independent.

5.2.1 Single Error Correction in DS1-FEC and DS3-FEC Codes

Both the DS1-FEC and DS3-FEC codes have single error correction capabilities. Thus a
single bit error at any bit position in the DS 1-FEC or DS3-FEC codeword structure will be
corrected.

word, i.e. all possible double errors. In this case, error correction is inhibited and no error
extension is possible.

Both the DS 1-FEC and DS3-FEC codes have the ability to detect a certain percentage of
higher weight errors via the HOE detection mechanism described in Section 4.6. In the
case of the DS1-FEC, a higher order error is any error pattern of weight greater than one.
When a HOE is detected, error correction is suspended so that no error extension takes
place. The probability that a HOE will be detected is the probability that the syndrome

9



the shortened code space. For the DSI-FEC code. this is given by:

P LP».trcm - LDSl-ﬂ{(' _ 4098 =236
HOE — T -

_ A = 3 511
1095 0434 (3 1h

LP.m-m
where Lp,ren is the length of the parent code from which the DSE-FEC code s denved,
and Lpg).pec is the number of bits in the DS1-FEC codeword format. Error extension
only occurs if the syndrome decoded for the errored codeword is assoctated with an error
in a DS 1-FEC data bit position as errors in the FEC checkbits are corrected by the decoder
when the DS superframe sequence 1s reconstructed. The probability that error extension
takes place is:

Losi.erc.pata _ 23
4095

Pext = L = ().563 (5.
Parent

where Lpg).FEC.DATA 1S the number of bits in the data portion of the DS1-FEC codeword

twoO or more bit errors.

5.2.4 Higher Order Error Detection in DS3-FEC Code

As presented in Section 5.2.2, the DS3-FEC code has DED capabilitics so all double
errors are detected without error extension. In fact, the mechamism for detecting o double
error, i.e. nonzero syndrome with even parity over the codeword, will prevent error exten:
sion in a codeword containing any even weight multiple error. This 1s because the parity of
a codeword containing an even weight multiple error is always even. Regardless of the
value of the syndrome (zero or non-zero) error correction is always inhibited. This nwans
that for DS3 mode, the types of errors which are potentially detectable via the HOE detec-
tion mechanism are odd weight multiple errors. The probability of detecting a HOE for the
DS3-FEC code is

P - Lparem ~ LDSS-FF,(“ - 2047 - 1360
HOE L parco 2047

= 0.336 (5.13)

where Lpyren: is the length of the parent code from which the DS3-FEC code 1s derived
and Lpg3.pgc is the number of bits in the DS3-FEC codeword. The probability that error
extension will take place if the decoder decodes an odd weight multiply crrored frame s

_ Lps3.FEC-DATA - 1348

= = 0. 5.14
Pexcr - 3047 = 0663 (5.14)

where Lps3.FEC.DATA 1S the number of data bits in the DS3-FFC codeword format.



5.2.5 BER of DS3-FEC Error Corrected Data Signal

In this section, the results of the preceding sections are used to determine the output BER
of the error corrected data stream for a given input BER where the errors in the coded data
stream are random and assumed to be independent. The expected number of errors, after
decoding, tn o DS3-FEC codeword which contains &, ervors prior to FEC decoding is

given by the following:

, 0 ky,=0,1
Ni;{k“) = J' kll k()= 2-41 6a - (5!5)
(k""' 1) 'P‘,;x'[ + (k") QEXT k“ =3.5.7

where Py is given in (5.12) and Qg = 1-PpxT. The probability of exactly k, errors in
a 1S3 codeword 1y

. L T

P(k=k,) = (k Jp:"qF ko (5.16)
where L = Liygy e = 1360, p, is the raw BER of the channel, and g,=1-p,. Using (5.13)
and (5.14) the BER of the error corrected data is given by:

L’Dﬁl FEC

BER oy = (Lnﬁm) z N, (i) - P(k=i) (5.17)

For most BER levels of interest, only the first two terms of (5.17) contribute significantly:

BER o = 1359 p? ql"+ 1125768 - p - ¢ (5.18)

For input BER levels <10'5, the dominant term in (5.15) is the second order term and the
BER of the error corrected signal is approximately given by !359;)3.

5.2.6 BER of DS1-FEC Error Corrected Data Sigl‘lll

tains kﬂ errors prior to decodmg is given byi

0 ky=0,1
Uiko# 1) Pexr+ (k) Qexr  ko=2,3,4, ...
where Ppxy is now given by (5.10). The probability of exactly kg errors in a DS1 code-
word is given by (5.14) with L = Lpg;.pec = 2316. Thus the BER of the error corrected
data stream emerging from the FEC decoder is given by the following:

N.(ky) = (5.19)
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Again, at BER levels of interest, only the tiest two terms of (3200 mahe o sigmiticant con
tribution 10 the output BER:

R TH -

BER ; = 2963 po g ™+ 09433 pl ! (321

e R . . o . e v S
For BER levels <107, the dominant term in (5.20V is the p.= werm, so the BER ot the ernor
corrected DS | data stream is approximately 2963 p,-.
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Chapter 6
Laboratory Setup

The system level testing of the FEC ASIC had three objectives: (i) verification of the pre-
dicted error correction und detection behavior for controlled, deterministic error patterns,
(i) verification of performance in a totally random error environment. (iii) measurément
of re-frame and out-of-frame detection time statistics for various Cg, Cq and levels of
RER. In this chapter, the laboratory test environment to achieve these objectives is pre-
sented. The description of the test environment presented here is primarily at the func-
nonal level. Complete documentation and circuit designs are in [12). Experimental results
are presented in Chapter 7.

6.1 Laboratory Test Environment - General

A block diagram of the laboratory test environment is shown 1n Figure 6.1 (see also Plate
6.1). The setup consists of a DS1 or DS3 bit error rate test set (BERT), and the following
three printed circuit boards: the FEC board, the error injector board, and the random error
generator board. The FEC board houses four functional blocks: two FEC ASIC’s, the
BERT interface, and the Out-of-frame generator. Each ASIC contains both encoder and
decoder circuits but in the experimental tests, one ASIC is used for each separate function.
Two function generators and a number of totalizing counters are used for measuring statis-
tical vanables in the experiments. In the following subsections the test equipment configu-
rations and the functions of each of sub-circuits on the circuit boards are described in
order of signal flow.

6.2 DS1 and DS3 Bit Error Rate Test Sets (BERTs)

The Tautron S5104 (DS1) and S5200E (DS3) BERTSs each consist of a transmitter and a
receiver. The transmitter supplies the bit rate clock and pseudorandom data signals. In
DS 1 mode the clock frequency is 1.544 MHz and the data is in superframe (SF) format,
For DS3 mode, the clock frequency is 44,736 MHz and the data is framed according to the
standard DS3 format. The payload data bits are a pseudo-random bit sequence (PRBS) of
period 2201 for DS1 and 2'%-1 for DS3. The DS3 transmitter also supplies a signal which
locates the start of cach DS3 masterframe. This is used for synchronization of the FEC
encoder. A similar signal in DS1 mode identifies the beginning of the DS1 superframe, but
is not available from the DS1 BERT. It is derived instead on the FEC board in the equip-

83



; JOPIDUNM )
S (75
wopury

AUNOS
MON

| purqprosg

UIWUOIAUT 8] JoRIoqe ] jo weadrig YOo[g ||

CELHE

1007 ﬂﬁ.—@ﬂm

IWOpUrY

JOIRIdUIN)
400

100

- 101>2fu)
| - 1oug

1

JYITOONT
O
- ESQ/ISd

asvosd
JOLIAMI] oY

[T e —

RURIIASePY ------

¥3003a | |
| 34 ; 5 JIA1Y :
oy L viva | m

¢swisq | o vivd | m

: jougy m

L5

- aepowy | 1 s |
- l¥3g o VIVA ] amyy
HESAIONAS |

Ly3g



PF] TEST ENVIRONMENT UNIT

Plate 6.1: Laboratory Test Environment Unit
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ment interface block from the DS1 data signal (Section 6.3). The BERT receiver frames
on the restored conventional DS1 or DS3 frame structure cmerging from the deconder,
counts the number of errors in the payload bits, and computes the average BER over the
duration of each experiment. Note that ¢rrors in the OH-bits of the DS superframe or
DS3 masterframe are not counted by the BERT

6.3 FEC Board: BERT Interface

The signals from the transmitter BERT are routed to the BERT inicrfuce. The BERT inter

face serves two main functions: (i) condition (or derive for DS1) the frame syiwchroniza-
tion signal in the form expected at the FB input of the FEC encoder, amd (1) ensure the
clock and data have the required phase relationship at the input 1o the FEC encoder. Most
of the processing surrounds task (i).

In DS1 test, the inputs to the BERT interface are the 1.544 Mb/s chock signal and DS 1 data
in SF format. Before being routed to the appropriate pins on the FEC encoder the clock
requires a pulse, one clock cycle in width, which is coincident with the tirst bit of the DS )
superframe for encoder synchronization on its FRAME IN input as described in Section
3.1. The T1 framer module in the test environment produces a 50% duty-cycle square
wave, with a period of the DS superframe and with its rising edge at the start of the DS
superframe. This edge is captured, and converted to an active low pulse one bit ime wide.
The clock, DS1 data, and start of superframe signals are then routed to the FEC encoder.

In DS3 testing, the inputs to the BERT interface are the 44,736 MHz clock, framed 198 3
data, and masterframe synchronization (MSYNC) signals. Although the period of the raw
MSYNC signal out of the BERT is that of the DS3 masterframe, ncither the rising nor the
falling edge of the waveform occurs at the beginning of the masterframe. The closest edge
to the start of masterframe is the falling edge which occurs 312 clock cycles prior The
BERT interface therefore captures this edge and delays it as a pulse 312 clock cycles later
to mark the start of masterframe. The clock, DS3 data and start of masterframe signals are
routed to the appropriate input pins on the FEC encoder.

64 FEC Board: FEC Encoder

ter 3. This section will briefly discuss the external supporting circuitry for operation and
testing of the FEC encoder and the signal connections. The bit time clock, data and frame
synchronization signals from the BERT interface are routed to the CLK IN, DATA IN, and



FRAME IN inputs of the FEC encoder. The FEC ENABLE control signal and the DS3/DS7
mode select control signal are each set via toggle switches. There are also switches for
hand clocking the FEC encoder and for placing it into “‘scan™ mode (scan chain test) for
debugging purposes (Chapter 8.7). The encoder reset comes from the FEC encoder reset
circuitry. When activated by a momentary contact switch, this circuit applies an active low
pulse to the reset pin of the FEC encoder for one clock time. It also inhibits the external
system clock signal applied to the ASIC for this clock cycle and the next one to allow
complete application and removal of the reset signal before the system is clocked. The
outputs of the FEC encoder are the FEC encoded data stream, the output clock with its ris-
ing edge in the center of each outgoing data bit, and the codeword boundary (CWB) signal
which marks the first bit of each DS1-FEC or DS3-FEC codeword. These signals are
routed to the Error Injector Board.

6.5 Error Injector Board: Controlled Error Patterns

The purpose of the error injector is to introduce errors into the data stream so that the error
correction and detection capabilities of the FEC decoder can be tested. A toggle switch
configures the error injector for operation in cither DS1 or DS3 mode, on cither FEC
encoded or unencoded formats. Errors can be injected in two overall fashions: controlled
pattern or random. In controlled pattern error injection mode, single, double, or triple
errors are injected into pre-determined bit positions in a codeword. In random error injec-
tion mode, the errors which are injected into the data stream are at completely random
times determined by sampling a noise source. Thus random error injection is characterized
only by an average BER Jevel.

The top level schematic diagram for the error injector board, reproduced from [12] is
shown in Figure 6.2

The single bit error injection mode of the error injector is automated. In this mode when
the error injector is armed, a single bit error is first introduced in the last bit of the next
codeword. Then, N;-/ codewords are allowed to pass error free, where 2SN < 15 s
sclected via a bank of DIP switches. A single bit error is then introduced in the second last
bit of the following codeword and again N,-/ error free blocks are allowed to pass
unchanged and 50 on. This process continues until a single bit error has been injected in all
possible bit positions of the codeword block. This is known as “walking single error injec-
tion™ mode and is illustrated for DS3 mode with N=2 in Figure 6.3. Once triggered, all
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positions of the codeword are errored once and error injection stops.

Error Error Error

Free Free Free

T 1T T 1T I -

Error in / Error in / Error in
Bit 1359 Bit 1358 Bit 1357

Figure 6.3: Walking Single Bit Error Injection in DS3 mode with N=2

The errored codewords are spaced to prevent the FEC decodr- from falling out of frame
by detecting C( successive errored codewords. This concern may also be handled by dis-

To inject double error patterns, the two indices of the bits to be errored are dialed up on
two banks of DIP switches. When the injector board is placed in double error mode and is
armed, the double error positions are counted down and injected once into the immedi-
ately following codeword. If the two switch banks are programmed with the same bit
index, this mode can be used to inject one single bit error.

6.5.3 Walking Triple Error Injection; Walking Double Error Injection
To create triple error patterns, two fixed bit indices are dialed up on the DIP switch banks
described in Section 6.5.2 and remain constant throughout the experiment. The third error

injector. This mode of operation is called “walking triple error injection” mode. Double
error injection with one fixed bit index and the other bit walking across the length of the
codeword can be performed by placing the error injector board in triple mode and specify-
ing the same fixed bit index on each of the two bit index switch banks. This mode is
known as “walking double crror injection”. In the controlled error injection experiments
presented in Chapter 7, only “walking single”, “walking double”, and “walking triple”
error injection modes are used.

In “random error injection mode”, randomly timed errors at a controlled average rate are
generated by sampling the broadband white noise source shown in Figure 6.1. The sche-
matic diagram for the random error injector module, reproduced from [12] is shown in



Figure 6.5. The noise signal is applied to one input of a high speed comparator. The other
input is set to an adjustable voltage threshold. The output of the comparator is then sam-
pled on each rising clock edge. When the noise voltage exceeds the threshold at the sam-
ple time a single bit error is injected into the data stream. By adjusting the threshold
voltage, different BER levels may be set. The ideality of the random error injector was
verified by testing which showed that it well reproduces the “erfc*-function classical BER
vs SNR characteristic in white noise. (See Figure 6.4 reproduced from [12)).

1.00E+00
1.00E-01
1.00€-02 ¢
1.00€-03 ¢
1.00E-04 1
1.00E-05 1
1.00E€-08 ¢
1.00E-07 t
1.00E-08 ¢
1.00E-09 ¢
1.00E-10 ¢ -+

-20 -18 -6 -14 -12 -10

/N , 20 log (Vth)
Figure 6.4: Theroetical and Mcasured relationship between SNR and BER

This validates the truly random nature of this injector. PRBS based error sequence injec-
tion would not suffice for testing the FEC ASIC because the error patterns it would pro-
duce would be completely deterministic and would repeat themselves. A PRBS could
provide an error source signal which is characterized by a certain BERy, but if all errors
correspond to single bit errors in codewords, then they would all be corrected and the
BERqgyuT would be zero. Likewise, if a double weight efror occurred in a codeword then
the error pattern would re-occur with period of the PRBS. This could make BERqgyy arti-
ficially high. Neither case is appropriate for characterizing the performance of the ASIC.
Truly random errors, characterized only by average BER are needed.

Once the data stream has passed through the error injector it is routed to the FEC framer-
decoder at the second ASIC position on the FEC board.

BR Esror Rate

-

v

6.7 FEC Board: Out-of-Frame Generator
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However, before clock from the BERT interface is applied to the FEC decoder it passes
through the out-of-frame generator as shown in Figure 6.1. When activated by a momen-
tary contact switch and conditioning circuit, the OOF generator gaps out a single nising
clock edge from the clock signal applied to the decoder (GCLK in Figure 6.1) preventing
the data bit associated with that clock tme from being clocked in. The position that the
framer-decoder believes to be the frame boundary is then one bit past the actual frame
boundary when clock continues. This forces the framer-decoder to go through an OOF
detection and a maximal length reframe (i.e. maximum length search for the frame bound-
ary). The OFD and maximum average reframe times can then be measured. The OFD tinw

(true frame loss time) and the instant that the framer-decoder declares OOF. The reframe
time is measured as the time from when the decoder declares OOF 1o the time at which the
inframe state is re-established (including confirmation).

The following technique is used to measure the OFD and re-frame times: a signal is cre-
ated on the FEC board which is normally low but goes high for the interval between the
OOF gap event and the FEC decoder declaring OOF. This signal is connected to the gate
input of a function generator. The function generator generates a square wave at the DS|
or DS3 bit clock rate at its output when its gate input goes high. The output of the function
generator is connected to a totalizing counter. Thus when the OOF generator is activated,
the totalizing counter counts the number of bit times between the gap event and the OOF
declaration. Measurement of the reframe time is similar except that the OOF output from
the FEC decoder is used. This signal is low when the decoder is inframe and high when it
is OOF. Thus it will be high for the interval that the decoder is trying to re-establish the
inframe state and can be similarly used to gate a counter counting bit times. This arrange-
ment of function generator and counter is equivalent to a simpler fast start-stop real time
interval timer but the latter was not available,

6.8 FEC Board: FEC Decoder
The operation of the FEC decoder was presented in detail in Chapter 4 and will be revis-

reset input of the decoder for 1.85 ms. The decoder is still clocked during this interval so
as to clock logic zeros into the codeword delay buffer. 1.85 ms is enough time to ensure
serial clearing of the delay register at the DS clock rate. The system clock is inhibited for
one clock cycle after the reset is de-asserted to ensure adequate recovery time before
clocking at full speed in all internal gates.



The first task which the FEC framer-decoder raust perform is frame alignment on the

by banks of DIP switches. The DS1/D33 and OF D ENABLE mode select lines are set with
toggle switches. The frame state of the FEC decoder is indicated by status LED’s which
indicate whether the decoder is inframe or out-of-frame, and when out-of-frame, when it
is slipping through the data in search of the frame boundary. The out-of-frame indication
signal from the decoder is also connected to a function generator as in Section 6.7. When
the decoder is inframe it also provides an output signal which marks the start of each
frame on its FRAME OUT output line.

The second task of the FEC decoder is error correction of the incoming data blocks. Error
correction/detection activity is indicated on the single error detect (SED), single error cor-
rect (SEC), overall parity bit error detect (OPBErr), double error detect (DED), and higher
order error detect (HOE) ASIC output lines. Each of these outputs is connected to a total-
izing counter to record totals of corrections or detections. The error corrected data with
restored DS1 or DS3 overhead bit format is routed to the receiver side of the BERT via
TTL level line dnvers.

6.9 Line Interface Board

The line interface board (not shown in Figure 6.1) is also present in the prototype test
assembly and will be used in future field testing of the FEC the system in the network at
DS3 rates. This unit is based on a commercial DSX-3 cross-connect compatible equip-
ment interface. In field trials over real networks, this unit displaces the error injector, ran-
dom crror generator and noise source. The clock and FEC encoded data signals emerging
from the encoder are routed to the transmiitter side of the line interface. The transmitter
contains the circuitry for converting the NRZ data to bipolar line B3ZS encoded data and
for line build out pulse shaping for various electrical lengths of transmission to the DSX-3
panel. The line encoded data can then be transmitied any distance through the real network
and subjected to real errors in transmission. After being transmitted through the network,
the data is routed to the receiver side of the line interface. The receiver side recovers the

The clock and data signals are then routed to the FEC decoder. Note that is this mode, the
clock signal comes from the line interface and not from the BERT interface circuitry. The
performance of the FEC system when subjected to real errors in transmission can then be
characterized.



Chapter 7

System Level Laboratory Testing - Experiments and
Results (Validation of Design and Theory)

In this chapter the results for three classes of experiments are presented. The first verilies
the functionality of the FEC ASIC design in DS1 and DS3 modes by subjecting the ASIC
to controlled error patterns (i.e. single, double. or triple ¢rrors at known positions in the
codewords). The results are compared to the theorctically expected values. The error cor-
rection performance of the FEC ASIC is DS and DS3 modes when subjected to totally
random errors is the second class of experiments. This verifies the basic theory of Chapter
5 for the error correction effectiveness of the exact codes implemented. In the third class
of experiments, the system is knocked out of frame so that statistics for the out-of-frame
detection time and maximum average reframe time can be obtained. This verifies the func-
tion design and theory of FEC-derived framing. These results are compared with theoreti-
cal values and with the performance of conventional DS1 and DS3 framers

7.1 Controlled Error Injection

7.1.1 DS1 Mode Correction of Single Bit Errors

For this experiment, the error injector is configured for *walking single error” injection in
DS 1 mode to inject a single bit error into cach of the 2316 bit positions of the DS1-FEC
codeword. With FEC coding turned off, the BERT is expected to count only 2MM errom
because the 12 errors in the F-bits are not counted by the BERT. This was verified in ten
experimental runs with FEC off. With the FEC coding tumed on, all single bit errors are
corrected, and hence the number of errors counted by the BERT is expected to be zero,
This was formally observed to be the case in ten runs of the experiment. For cach run, the
following error correction totals resulted: SED=2316, SEC=2304. This means that errors
were detected by the ASIC in each of the 2316 bits of the DS1-FEC codeword, but only
errors in the 2304 payload bits were explicitly corrected. The crrors in the 12 F-bit posi-
tions (CB’s) were implicitly corrected as these bits are overwritten as the FEC decoder
reconstructs the DS | superframe F-bit sequence. Thus the singic error correcting capabili-
ties of the FEC decoder design have been verified in DS] mode.



7.1.2 DS3 Mode Correction of Single Bit Errors

For this experiment, the error injector was configured for “walking single error” injection
in DS3 mode to inject a single bit error into each of the 1360 bit positions of the DS3-FEC
codeword (Section 6.5.1). With the FEC coding off, the BERT is expected to record 1344
errors per trial because the errors in the 16 overhead (OH) bits of the two DS3 frames cov-
ered by one DS3-FEC codeword will not be counted by the BERT. This was verified in ten
experiment runs. With the FEC coding turmed on, the number of errors on the BERT is
expected to be zero because all single errors should be corrected. This was observed to be
the case in ten formal runs of the experiment. For each run, the following error correction
activity was observed: SED=1359, SEC=1348, OPBErr=1. This means that each of the
1360 crrors injected was detected (SED+OPBErT), and all errors in the 1348 message bits
of the DS3-FEC code (1344 payload bits, two masterframe sequence bits, and two C-bits)
were corrected. The errors in the 12 F.C-bit positions which carry the CB'’s and parity bit
are corrected when the FEC decoder reconstructs the DS3 frame sequence. Thus the SEC
capabilities of the FEC decoder design in DS3 mode have been verified.

7.1.3 DS3 Mode Detection of Double Errors

For this experiment, the error injector is configured for “walking double error” injection in
DS3 mode (Section 6.5.2). Under this arrangement, one bit position where an error is
introduced in cach double errored frame is fixed (FBI) and the other (WBI) walks across
the 1360 bit positions of the DS3-FEC code. This means that when WBI=FBI, only a sin-
gle bit error will be injected into that codeword. When the FEC coding is on, this error will
be corrected. Therefore, double errors will actually be injected into only 1359 codewords
for each run of the experiment. The number of errors which will be counted by the BERT
(FEC coding on or off) will depend on whether or not the FBI is an OH-bit position as the
BERT does not count errors in the OH bits. Note also, the BERT will not count the errors
injected at WBI when WBI € OHpg3, where OHpg; is the set of DS3 overhead bit posi-
tions and is given by: OHpg3 = {0, 85, 170, 255, 340, 425, 510, 595, 680, 765, 850, 935,
1020, 1108, 1190, 1275}.

Table 7.1 lists the number of errors which the BERT should record if FEC coding is off
and FBI € OHpg3. if FEC coding is on and FBI € OHpgs, and if FBI € OHpg3 (FEC



coding off or on) respectively.

Table 7.1: Expected Number of Errors on BERT for Various WRI, FBI Combinations
for Double Error Injection in DS3 mode

FBl e OHjys

Fé?i OHDs_q
and FEC On

7%3] € oDs_a
and FEC Off

Case

Description || * €%%*

# Errors

# Errors

# Cases

# Errons
on BERT

on BERT
- _ _ S —
| 0
o
1344

11344

1343
1360

2703

The experiment was run with FEC coding turned off and with the FBI set (o bit #634 (¢
OHps3)- The number of errors counted by the BERT was 2703. The experiment was then
run with the FBI set to bit #595 (¢ OHpg3) and the number of errors counted by the BERT
was 1344, These results match the expected results in Table 7.1.

The FEC coding was then turned on and 28 runs of the experiment were performed with
FBI = {1, 29, 40, 129, 153, 310, 339, 372, 394, 467, 486, 519, 535, 626, 762, 862, 927,
947, 1004, 1023, 1038, 1108, 1137, 1237, 1269, 1317, 1328, 1349}, nonc of which are
OH-bit positions. In all cases, there were 2702 errors counted by the BERT and the fol-
lowing error detection activity was observed: SED=1, 5.:C=1, DED=1339. This means
that the one codeword which contains the single error has that error comrected as indicated
by the SED and SEC activity. In the 1359 other cases where the codeword contained a
double error, this error condition was correctly identified and no error extension occurred.
This indicates that the design operates as expected and indicated.

The experiment was then run 16 times with FBI € OHpgy. In all cases, the BERT
recorded 1344 errors which matches the expected value from Table 7.1. Table 7.2 shows
the error detection/correction activity for each experiment. As shown in Table 7.2, cach of
the 1359 double errors was detected and no error extension occurred. For the one code-
word containing a single bit error injected when FBI=WBI, the error detection/correction
action varies as expected. OH-bit positions 0, 170, 680, and 850 arc covered by the DS3-
FEC code and hence the single bit error is explicitly corrected. However, OH-bit 1275 is
the overall parity bit for the codeword. The detection of the single bit error in this bit is
indicated on the OPBEsr line. The error is implicitly corrected when the FEC decoder



reconstructions the conventional DS3 OH-bit sequence. The 11 remaining OH-bits carry
the checkbits of the Hamming code. Errors in the checkbits are detected on the SED line
and arc implicitly corrected when the FEC decoder reconstructs the DS3 frame sequence.

double errors where FBI € OH-bits in DS3 mode

Fixed Bit Indices SED | SEC

0, 170, 680, 850 11 , 0 1359
85, 255. 340, 425. 510, 595, 765, | | 0 0 1359
935.1020, 1105, 1190

1275 o 0o |1 1359

From these double error experiments for DS3, two main conclusions can be drawn. In all
observed cases, the FEC decoder correctly detected the presence of a double error in a
codeword. Thus it is verified that any double error in a codeword will be detected. The

errors recorded by the BERT with the FEC coding on matches this thecretical number
exactly, it is also clear that no error extension is taking place. When a double error is
detected, the error correction circuitry is being correctly disabled.

7.1.4 DS1 Mode Detection of Higher Order Errors

Because the DS 1-FEC code has only single error correction capabilities, any error pattern
of weight greater than one constitutes a higher order error which may or may not be
detectable. The most common of these higher weight error patterns is the double error.
The error detection performance of the FEC ASIC in DS1 mode when subjected to double
errors was thus investigated. For this experiment, the error injector was configured for
“walking double error injection” in DS 1 mode (Section 6.5.2). Note that the BERT again
will not count errors in the DS1 OH-bit positions. The set of DS] overhead bit positions,
OHpg;. is given as: OHpg) = (0, 193, 386, 579, 772, 965, 1158, 1351. 1544, 1737. 1930,
FEC coding is off if FBI ¢ OHpg, or FBI € OHpg can be calculated exactly. These are
shown in Table 7.3.



Table 7.3: Expected Number of Errors on BERT for Various WBI, FBI
Combinations for Double Error Injection in DS1 mode

?BiE OH[)&;?

FBI ¢ OHps;

# Errors on
BERT

Case
Description

# Cases # Cases

WBI = FBI 1
WBI € OH 12
WBI ¢ OH

With the FEC coding turned off, the experiment was first run with FBI=323 (¢ OHpy)
and then with FBI=193 (¢ OHpg). The number of errors counted by the BERT were
4619 and 2304 respectively, which match the expected values in Table 7.3.

When the FEC coding is turned on, the number of errors which will be counted on the
BERT depends on how many double errors cause error extension at the (DSI-FEC)
decoder. The number codewords with double errors that cause error extension will be dif-
ferent for each run of the experiment with a different FBI. The expected value for the
number of errors counted on the BERT, N, for a double error injection experiment with
FEC coding on, can be determined by treating N, as follows: Consider the following
development: for a single codeword containing a double error, Table 7.4 lists the number
of errors which will be recorded on the BERT depending on whether the locations of the
two bits in error (BI; and Bl;) are OH-bit positions and whether or not error extension
takes place.

Table 7.4: Expected Number of Errors Recorded by BERT (I5S1 Double Errors)

7 Witl'; Ermr nsi

Bl;,Bl;, € OHps;
BI, € OHpg;, ; Bl> ¢ OHpgs;
BI,. Bl, ¢ OHpg,

The “walking double error injection” experiment will introduce double errors into 2315
codewords in total. From Table 7.33, if FBI (i.e. Bl;) € OHpg,. there will he 11 code-



words where WBI (i.c. Bly) € OHpg; and 2304 where WBI ¢ OHpg,. Using this, Table
7.4, and (5.10), the expected value for number of errors on the BERT for each DS1 double
error experiment can be calculated:

E[Ncp!

where QEXT

(7.1)

= | - Pgxt- However if FBI ¢ OHpg;, then there will be 12 codewords

where WBI € OHyg, and 2303 where WBI ¢ OHpg,. The expected number of errors on
the BERT for this experiment is then given by:

EIN., ] = 12(2 Pgyr+1 Qgxr) +2303[3 Ppyr+2- Qpxyl

5920

(7.2)

The results of the double error experiments run for the 12 possible cases where FBI €
OHpys) are now shown in Table 7.5. (These data are exactly repeatable for any run of these

experiments)
Table 7.5: Observed Number of errors and error correction/detection activity for
DS1 double errors where FBI € OH-bits
FBI Num:;; (éle‘Ernm

0 3604 1306 1300 1009

193 3605 1308 | 1301 1007
386 3604 1308 1300 | 1007

579 3603 1306 1299 1009

™ 3603 1306 1299 | 1009

965 3602 1306 1298 1009

1158 3602 1306 1298 1009

1351 3601 1304 1297 110

1544 3599 1302 1295 Tho13

1737 3508 1302 1294 1013

1930 3599 1302 1295 1013

2123 3598 1300 1204 1015

a. SED i the tsble is one less than the actual number of pulses on SED obscrved in the lab

to compensate for the detection of the single error in a CB injected when WBI=FBI

The results of 24 “walking double error injection™ experiments where FBI ¢ OHpg; are

listed in Table 7.6.



Table 7.6: Observed Number of errors and error correction/detection activity for
DS1 double errors where FBI ¢ OH-bits

FBI 1 Number o Brror | sgp? SECP HOF
18 5911 1302 1293_4Wx__ |
176 5903 1290 1285 1025
286 5914 1304 1296 1011 1
350 5901 1202 1283 1023
403 5896 1284 1278 s
484 5899 1286 1281 1029
687 5919 1308 1301 1007
17 5922 1310 1304 1008
853 5921 1310 1303 1005
936 5905 1294 1287 1021
975 5910 1300 1292 1015
983 5909 1298 1291 1017
1194 5924 1316 1306 999
1342 5917 1306 1299 1009
1401 5911 1298 1293 1017
1514 914 1302 1296 1013
1555 5920 1310 1302 1005
1737 5943 1334 1325 981
1894 5923 1312 1305 1003
1925 5920 1310 1302 1005
1968 5917 1306 1299 1009
2080 5921 1318 1309 997
2220 5910 1300 1292 1015
2263 5915 1306 1297 1009

a. SED in the table is one less than the actual number of pulses on SED observed in the lab
0 compenasate for the detection of the single error in a data bit injected when WBI=FBI



h SEC 1n the table 15 one less than the actual number of pulses on SEC observed in the lab

10 compensate for the correction of the single error in a data bit injected when WBI=FBI
Over the 12 runs listed in Table 7.5, the average number of errors recorded on the BERT is
3601 errors. From the results in Table 7.6, the average number of bit errors recorded on the
BERT is 5914. In both of these cases, the number of errors recorded on the BERT with the
FEC coding turned on is larger than the number obtained with the coding turned off. Thus
error extension is taking place as expected for the DS1-FEC code because there is no over-
all parity bit to pecrmit DED. (7.1) and (/.2) were derived assuming that no error extension
took place when a HOE was detected. The fact that these average numbers of errors
rccorded by the BERT closely match their theoretical counterparts in (7.1) and (7.2) indi-
cates that no error extension is taking place when a HOE is detected. This can also be con-
firmed by observing the activity on the SEC and HOE lines in Tables 7.5 and 7.6. The
pulses on the SEC line indicate error extension events. Over all runs tabulated in Tables
7.5 and 7.6, the average values of SEC and HOE are 1297 and 1011 respectively. The
measured value for the overall probability of error extension is therefore:

_ SED _ 1297 _

Pext = 33715 = 3375 = 0-360 (7.3)

and the measured value for the probability of higher order error detection is:

HOE _ 1011 _ .
Puok = 7315 = 7375 = 0437 (74)

These observations both agree very well with the theoretical values given by (5.10) and
(5.9) respectively, and confirm that HOE detection and error extension are taking place as
often as predicted. Thus the DS1-FEC code will detect 43.7% of all frames containing
double errors and will not attempt any crror correction activity on these frames., thereby

7.1.S DS3 Mode Higher Order Error Detection

The lowest weight error event which is detectable as a HOE in DS3 mode is a triple
weight error. Thus the experiments for HOE detection performance for DS3 will be char-
acterized with codewords containing three errors. For this experiment, the error injector
was configured to operate in “walking triple error inject” mode for DS3 (Section 6.5.3).
As in sections 7.1.3 and 7.1.4, the number of errors which the BERT should record with
the FEC coding off for one. both, or neither of the FBI's being members of the set of OH-



bits for DS3 can be calculated. The calculations are presented in Table 7.7.

Table 7.7: Expected Number of Errors on BERT for Various WBI, FBI Combinations
for ’[lee Error !njeclhn in DS3 mode

FBI,. FBI; ¢ OHpg,

F‘Bll € 0“()51
FB'*I & GHBS‘

# Errors
on BERT

# Errors
on BERT

# Errors
on BERT

# Cases

With FEC coding turned off, the experiment was run with FBI;=1012 and FBI,=48 (FBI,,
FB!s € OHpg3). The number of errors recorded by the BERT was 4062. The experiment
was then run with FBI;=340 and FBI;=48 (FBI; € OHpg;). The number of erors
recorded by the BERT was 2703. Finally, the experiment was run with FB1;=340 and
FBI,=1275 (FBI,. FBI; € OHpg3). The BERT counted 1344 errors. Each of these values
agrees with the corresponding expected results from Table 7.7.

With the F’EC ending turned on, Table 7.8 lists the number of errors which would be
whether the locations of the three bits in error (Bl.. B,, B3) are OH- bll positions and
whether or not error extension is avoidable.

Table 7.8: Expected Number of Ermrs Remrded by BERT

BIl, Blz, B; € Qﬂgsj
Bl; € OHpg3 : Bly, Bl; € OHpg;3
Bll. Blz € DHDs3 ' Blg € QHDSE

Using Tables 7.7 and 7.8, the expected number of errors to be recorded on the BERT for
both, one, or neither of the FBI's being DS3 OH-bit positions can be calculated. These are
aations (7.5), (7.6), and (7.7):
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E[N_] =

E[Neh'

"

E[Nel =

2+15(2 - Pgxyp+ 1 Qgxyl +1343[3 - Pexy+2-Qexyl =

3597 (7.6)

(7.5)

4956 (7.7)

where Pgyr is given by (5.12) and Qex1=1-PgxT The constants 2 in (7.6) and 4 in (7.7)
come from the double errors which get injected into codewords when WBI = FBI, or

FBI,.

The results of 10 triple error experiments where FBI|, FBI; € OHpg3 arc presented in

Table 7.9.

Table 7.9: Observed Number of errors on BERT and error detection correction
activity for DS3 Triple errors when FBI,, FBI; € OHpgs

916

922

Qle|jlo| o

680 935 223§ 898 893 |o 464
850 765 2251 |916 [910 0 442
1020 595 2232 | 893 889 0 464

891

28 2
0 255 | 2240 | 903 898 1 2 454
340 |85  |[2235 899 894 ] 2 458

The results of 10 triple error experiments where FBI; € OHpg3 and FBI, ¢ OHpg; are

presented in Table 7.10.



Table 7.10: Observed Number of errors on BERT and error detection correction

activity for DS3 Triple errors when FBI; € OHpgy, FBI; ¢ OHpg,
# Errors
FBI, FBI, on SED SEC | OPBE | DED HOE
BERT
_—_—F_—J'_f; T —— N W—
0 1352 3588 895 886 1 2 462
255 1173 3591 895 892 | 2 462
340 6 3500 | 907 %00 |1 |2 450
425 112 3600 | 906 901 0 2 452
595 102 3592 898 892 0 2 60
765 547 3598 907 899 n 2 450
850 206 3597 | 90s 896 |1 2 452
935 642 3600 906 899 0 2 452
1020 422 3500 | 897 889 |1 |2 |40
1190 904 3604 |97 |94 | 2 450

The results of 20 triple error experiments where FBI,. FBI; ¢ OHpg; are presented in

Table 7.11.
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Table 7.11: Observed Number of errors on BERT and error detection
:ﬂh!tyfnrlﬁl!'lﬂpkm'hﬂl FBI;, FBI;E Dﬂns;;

1049 |904a  |4958 |903  |898 T 454

458

el b2{ 2

456

1127

1340

1021

856

570

1227

Tor

813

1263

682

NN ;

285

642

[

1104

1149

[ 8

352

673

%y
|

1114

218

4934
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902

4939
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taking place. However, because the mean observed values for the number of errors on the
BERT are close to their respective theoretical counterparts and the theoretical values were
derived assuming that no error extension takes place when a HOE is detected, it is clear
that the only time error extension occurs is when the syndrome decoded for the error pat-
tern is associated with a DS3-FEC data bit position in the shortened Hamming code. This
conclusion is further supported by the agreement between the measured values for the
probability of HOE detection (7.8) and the probability of error extension (7.9):

9

and their respective theoretical values (0.336), (0.663) in (5.13) and (5.14). Thus error
extension will only occur in 65.6% of the cases where a codeword contains an odd error
weight of 3 or greater.

It it interesting to note that some tnply errored codewords are decoded as codewords
which have the overall parity bit in error. This is because the DS3-FEC code is based on a
distance-3 Hamming code before it is extended for DED when it becomes a distance-4
code. Ignoring the parity bit initially, a small probability exists that a triple error will con-
vert one valid codeword into another. When this happens and the parity bit is included, the
parity of the frame is incorrect because three errors have taken place. Thus this appears to
be a valid codeword which has had a single bit error in the overall parity bit (the more
likely situation). No error extension takes place because a single bit error in the overall
parity bit position is corrected when the framing sequence is reconstructed by the decoder.

Also note that when error extension does take place, only one additional error is ever
added to the frame. These deterministic error weight pattern tests serve to well validate
design correctness and the theoretically expected error correction/detection/extension
behaviors. To summarize these are:
s DSL

e SEC

e HOE (error weight >1) detection in 43.7% of the cases (at most one additional
error added)



é

e SEC

* DED (No error extension)

¢ Detect multiple even weight errors (No error extension)

s Multiple odd weight HOE detection in 33.7% of the cases (at most one addi-
tional error added)

7.2 Random Error Detection / Correction Performance

For this experiment, the error injector system was configured for “random error injection™.
In this mode, bit errors are injected into the bit stream at truly random times at a selected
BER. In Section 5.2.5, the theoretical improvement in BER due FEC coding in the DS3
mode was derived. Equation (5.17) which relates the input BER (i.c. the raw BER of the
channel) to the output BER of the error corrected data, is plotted in Figure 7.1, along with
the BER 1:1 line relating input to output BER without FEC coding. Error corrected BER
levels were measured for a number of input BER points between 10 2 and 10°8. These are
also shown in Figure 7.1. The confidence bars on the points represent the 95% confidence
interval based on the total number of bits observed and the number of errors observed. The
method for deriving the confidence intervals is given in [13].

100 ———

107



As can be seen in Figure 7.1, the measured improvement in BER closely matches the the-

cuit for generating the random bit error rate drifts over time due to changes in ambient
temperature, hence the BER was not constant throughout the experiment, which must last
for over 62 hours to get 10 errors at BERguT=10""2. Measurements of 10 errors for
BERQu7=10""% a1 DS3 and DS rates would take longer than 7 and 205 years respec-
tively. The fact that the BER is not constant throughout the experiment leads to error in the

or below the original threshold setting is unknown.

7.22 Random Error Performance for DS1 and Results
For the DS1-FEC code, the theoretical relationship between the input (raw) BER and the
output (ervor corrected) BER is given in Section 5.2.6 by equation (5.20). Equation (5.20)
is plotted in Figure 7.2 along with the curve relating output to input BER without FEC

10° - — —

18 P 1 A A P
0B 107 107 1079 107 10 107
BER in

Figure 7.2: Theoretical and Measured BER reduction by FEC for DSI
Exror cosrected BER levels were measured for input BER levels between 107 and 107,
These points are also shown in Figure 7.2. Again, the measured values for the improve-
ment in BER due to FEC coding closely match the predicted values. The error bars on the



points represent the 95% confidence interval based on the total number of bits observed
and the number of errors observed. Again the slight deviations in the measured values
from the theoretical curve are likely due to drift in the actual value of the input error rate in
the random error generator due to noise source and comparator threshold voltage drifts
and inital settability accuracy of the BERpy values.

7.3 Experimental Framing Performance

To obtain out-of-frame detection (OFD) time and reframe time statistics. the OOF genera-
tion circuitry described in Section 6.7 was used to force maximal length reframes. The
experimentally observed framing performance of the FEC ASIC for various Cg, Cq and
levels of BER is presented in this section.

7.3.1 Out-of-Frame Detection DS1 and DS3
By expanding (5.9) into a power series, one can obtain the probability distribution for the
out-of frame detection time. As shown in Figure 7.3, the theoretical OFD time is measured
from the instant that the last zero syndrome was seen while the system was still inframe.
First _
Zero Non-Zero Non-Zero
Syndrome Syndrome = Syndrome

S S

Clock Gap EventT OOF
It —e——— i Theory for OFD Time

Experimental OFD Time

Figure 7.3: Measurement intervals for OFD time (Co=1)
Because the probability of a codeword mimic at a misaligned position is so small (2°12), it
is most likely that the framer will acknowledge that the system is out of frame exactly
Co+1 codewords after this point in time. Table 7.12 lists the probability of OFD in exactly
Co+1 codeword times for various values of Cq.



Table 7.12: Expected OFD Time Probabilities for DS1

Prob. OFD Time = o+l
Codewords

Prob. OFD Time > Co+!
Codeword

1 0.999512 0.000488 )
0.999268 ) 0.000732

2
4 0.998780 0.001220
5 0998536 | 0.001464

The probabilitics in Table 7.12 apply to both DS1 and DS3 modes of operation because
the probability of codeword mimic is the same for both modes. As shown in Figure 7.3,
the measured values for the OFD are measured from the point in time that the single clock

measured OFD time falls between Cg and Cq+1 codeword times.

In DS1 mode, 400 out-of-frame detection events were performed for each value of Cq.
Table 7.13 summari

Table 7.13: Observed OFD Time Probabilities for DS1 (400 Trials)

zes the results:

m
, Number of OFD Times Measured Probability that

Co Co < Topp < Co+! CQ-:TDFD{CQH

The measured results of Table 7.13 agree with the theoretical results insofar as they stae

t00 small to be observed in 400 trials and that Prob(Togp=Co+1) 2 (1-/499) = 0.9975.

The results of these experiments are identical to those presented in Table 7.13. Again,



detection takes longer than Co+1 codeword times is less than /400

7.3.2 DS1 Maximum Length Reframe Time Measurement

Figure 7.4 shows the probability distributions for maximal length DS1 reframe times for
Cp values of 1, 2, and 4, and for BER ranging from 0 to 107%. Shown along with the mea-
sured probability distribution is the theoretical distribution obtained by expanding (5.6)

INto a power series.
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Figure 7.4 (a): Maximum average reframe time distribution for Cg=1 and BER =0
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Figure 7.4 (b): Maximum average reframe time distribution for Cg=1 and BER=10""
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Figure 7.4 (f): Maximum average reframe time distribution for Cg=2 und BER=10"*
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Figure 7.4 (h): Maximum average reframe time distribution for Cg=4 and BER=10"%

To determine how closely the observed distributions of reframe time match the theoretical
expectations in Figure 7.4, the Kolmogorov-Smirnov (K-8) goodness of fit test was used
[14]). The K-S test involves a comparison between the theoretical and measured cumula-
tive frequency distributions (CFD) to test the null hypothesis, H, that the two distribu-
lions are the same. The statistic for the K-S test is the maximum absolute difference
between the two CFD's, i.e:

D=Max; I F,;-§; | (7.10)

cumulative relative frequency for the observed distribution. The decision to reject Hy is
based on D; the larger D is, the greater the confidence that Hy is false. The critical value
(point at which the acceptance region is separated from the rejection region) for D at the
a=0.03 significance level is given by:

- 136 (.11)

Dcm‘T

where ¢ is the number of trials uscd to obtain the observed distribution. It is common to
choose the a=0.05 significance level for the K-S test as this means that there is no more
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than a 5% chance of rejecting Hy when, in fact, Hy is true. i.e. 95% likelihood that the dis-
tributions are the same. Table 7.14 hsts the values of D for each of the distribution pairs in

Note that in all cases D < D, Thus in all cases, the null hypothesis that the two distribu-
tions are the same cannot be rejected. In other words, the observed data is consistent (it
the 95% confidence level) with the hypothesis that it is the same as the given theory. From
these results it is clear that the reframe circuitry in the ASIC has been correctly imple-
mented and that its performance is as predicted.

Figure 7.5 shows the theoretical reframe time distributions for Cg values of 1, 2, and 4,
and for BER levels ranging from O to 10 for DS3.
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Figure 7.5 (a): Maximum average reframe time distribution for Cg=1 and BER=0
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Figure 7.5 (c): Maximum average reframe time distribution for Cg=1 and BER=10"*
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As far the DS reframe tims distribuiicms the K-S test is used to test the null hypathesis

K-S test at the a=0.05 sngmﬁcmﬁe level for DS3 refﬂmg time d!smbutims are given in
Table 7.15.

For each observ oretical distribution pair, the value of D < Dy, Thus in all cases,
the null hypothesis that the observed and theoretical distributions are the same cannot be
rejected. These results verify correct implementation of the reframe algorithm in DS3




Table 7.15: K-S Test Results for DS3 Reframe Time Distributions

Cr BER ¢ D Dot

1 0 400 000761 | 00680 |
10 400 000934 | 0.0680
10 1000 0.0412 00430
10°% 400 0.0153 0.0680
104 1000 0.0171 0.0430

a 0 400 0.0399 0.0680
10° 400 0.0548 00680
10 1000 0.0205 00430

734 Comparison of FEC Framing and Conventional Framing (DS1)
In (3], the recommended values of Co and Cg (to match the misframe and false-in-frame

marked) are § and 2 respectively. The observed DS 1-FEC framing performance for these
threshold values, and BER 10, is summarized in Table 7.16 along with the framing per-
formance of the conventional DS! framer analyzed in(3).

Table 7.16: Conventional and FEC Framing Performance for DS1

From Table 7.16, it can be seen that the DS1-FEC framer with Co=S has longer OFD time
than the conventional framer. However, the FEC framer with Cp=2 has significantly faster
reframe time than its conventional counterpart. Even at a degraded BER level of 1074,
DS1-FEC framing has a 99.5 percentile value for maximum average reframe time of 28.5
ms which is still faster than conventional framing. Thus the fact that the OFD time for
DS1-FEC framing is longer than for conventional DS1 framing is not an issue because of
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the large improvement in reframe search time, which results in an overall speedup of the
complete OFD + Reframe process. Considering the sums of the mean values of the OFD
and maximum average reframe times for conventional and FEC framing, an overall
speedup of 3.6 is achieved as a result of FEC framing for DS1.

The same values of Co=5 and Cg=2 recommended for DS1-FEC framing in [3] are also
FEC framer with these threshold settings at BER=10"%. The performance of the conven-
tional DS3 framer analyzed in [3] is also presented.

As for DSI, the OFD time for FEC-derived framing for DS3 is longer than for conven-
tional framing. However, this is offset by a considerable reduction in maximum average
reframe time. This reduction in reframe time (due to speedup of search phase) yiekls for
an overall average speedup of 4.9 as a beneficial side effect of DS3-FEC framing.
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Chapter 8

Engineering the ASIC

The DS1/DS3 FEC ASIC is a large VLSI system. In this section, some of the design, test,
and other engineering considerations which were not specific to either the FEC encoder
and FEC decoder are presented. These are some of the additional design decisions or
design results which were used to create this design as an ASIC n the LSI Logic C-MDE
Design Environment.

8.1 Power Consumption / Heat Dissipation
For CMOS designs, power dissipation is based on three factors: the operating voltage

(8.1).
f-C-Vpp
= —
For the DS1/DS3 FEC ASIC, the worst case power consumption comes when the system
is in DS3 mode, operating at a frequency of 44.736 Mbit/s. The gate count of the FEC
ASIC is heavily dominated by the two codeword delay buffers (one in the encoder, one in
the decoder). The system clock fans out to each of the flip flops which make up these reg-
isters. Thus on every clock edge, each flip flop clocks in a new bit. In CMOS, energy is
only dissipated when a logic gate changes state, i.c. there is virtually no static power dissi-
pation. Thus the worst possible case for power consumption is when the input signal is a
10101010... toggle pattern. In this case, every flip flop in the delay registers will change its
value on every clock edge.

(8.1)

The setup shown in Figure 8.1 was used to measure the actual power dissipation of the
FEC ASIC in the laboratory under these conditions:

Series Vot FEC
Ammeter Regulator ASIC’s

——

Power
o —.@_.luzv sV

Figure 8.1: Power Dissipation Mecasurement Setup
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The ammeter was used to measure the current draw from the power supply when the chips
were (i) in the system and operating and (ii) when the chips were removed from the sys-
tem. The difference between these two current measurements is the current drawn from
the power supply by the FEC ASIC. As it is known the system is operating at +5 V, the
power can be calculated. For DS3 the measured power dissipation by the FEC ASIC is
calculated as follows:

Pps3 = (VppoXlwrmh cHips - IwitHoUT CHIPS) = (5 V)(2.03 A -097 A)=53W (8.2)

(8.2) neglects the small amount of power, due to leakage currents, consumed by the com-
plementary parts (encoder, decoder) on the two ASICs which are not being clocked. Fig-
ure 8.2 shows how the value in (8.2) compares to simulated results:

48 W 53w 76 W
Worst Case Measured 101010... Fattern Best Case
Commercial Vop=50V Commercial
Vpp=4.75V T=23°C Vpp=3.25V

Figure 8.2: Measured and Theoretical Power Dissipation in DS3 mode

Note there is a small amount of current which is not transferred to the load by the regula-
tor. This current is on the order of 4.3 to 6.0 mA. Not only is this small enough compared
to the currents measured above to be neglected. but because the difference in current was
measured the effect of this small term is reduced even more.
In DS| mode the power dissipation was also measured as above 10 be 300 mW. This
agrees very well with the simulated value of 380 mW computed for best case conditions
(5.25 V operation).
Assuming power consumption in the FEC ASIC is dominated by the power consumed by
the two codeword delay registers (i.e. the structures which occupy most of the device) we
can verify that the CMOS power (8.1) is directly proportional to clock frequency. The
ratio of DS3:DS1 clock frequencies is 44.736 MHz / 1. 544MH:-2897 The ratio of the
length of each delay register chain in DS3 and DS1 modes is 1360/2316 = 0.587. Thus
observed power consumption at DS| scales to DS3 as follows:

Png; = (Pi;sn)(za.g‘l)(o,sm =(0.3 WX1701)=5.1W (8.3)

8.2 The Die
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die class L100094 in the LSI Logic process. This die can house up to 40.000 gates.

The FEC encoder and FEC decoder reside on the same die, even though they are indepen-
dent devices. As clock trunks (Section 8.5) can only be routed vertically, it was decided (o
split the silicon real estate vertically, down the middle of the die. Arbitrarily, the encoder
was selected to occupy the left half. and the decoder the right half.

8.3 The Package

Due to the high power dissipation, a package for the chip was selected which allowed efti-
cient heat conduction from the chip through the package to the environment. This package
is a 95-pin ceramic pin grid array (PGA) with cavity-down mounting. In most packages,
the die sits on the bottom of the package and a thin cover is put on the top. In a cavity

bottom (the same side as the pins). This allows for better heat conduction through the top
of the PGA. To further assist in the removal of heat from the die, heat sinks were attached
to the top of the package in the laboratory and fans were positioned to blow air across the
package at approximately 700 linear feet per minute. This was sufficient to keep the junc-
tion temperature below critical value (155°C).

The package has many more IO pins than are actually used in the design, but the 95-pin
package was the smallest cavity-down ceramic PGA available from LSI Logic.

84 Bonding Diagram

The bonding diagram for the FEC ASIC 1s shown in Figure 8.3.

As noted in Section 8.2, the die has been divided into two portions, one part for the FEC
encoder and one for the FEC decoder. Consistent with this arrangement, the encoder 1/0°s
have been bonded out to the left side of the dic and the decoder 1/O's on the right side.
Note the signal names shown on the diagram are the actual signal names used in the LS{
Logic design environment and differ somewhat from the signal names used in this thesis.
The large bonding points along the inside of the package bonding region are the connec-

pre-assigned bonding pads which are reserved for connections to power and ground. In
addition, additional ground pads must be assigned based on the power consumption of the
device. Because of the high frequency of operation and hence the high power consumption
of this design, 24 additional ground connections were required. These connections were
placed at approximately even intervals around the perimeter of the die. As well, to reduce
noise on the input clock signals, a ground pad is placed on each side of the high fan out
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clock trunk drivers (Section 8.5) as required by LSI Logic design guidelines.

UURRREREE Ak 5555
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Figure 8.3: DS1/DS3 FEC ASIC Bonding Diagram

8.5 Clock Routing Strategy

In both the encoder and the decoder, the clock signal fans out to a a large number of flip
flops. For the encoder, this number is 2369. for the decoder, it is 2408. The large number
of fan outs is due to the two codeword delay buffers in which each element must be
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2000 locations, the clock routing scheme shown in Figure 8.4 15 used:

Clock Trunk
Driver

Clock Inpuit
Buffer \
Local Clock
Buffers
Pad d
Clock Trunk
Driver

Figure 8.4: High Fan out Clock Routing Strategy

A clock trunking arrangement similar to that shown in Figure 8.4 exists for both the FEC
encoder and the FEC decoder. Each respective clock signal is routed to two high drive
buffers which drive a large clock trunk. The clock trunk uses six routing tracks filled in
with metal. Each trunk drives local clock buffers which in turn drive the clock inputs of 10
flip flops. The encoder clock trunk drives 237 local clock buffers; the decader trunk drives
241.

Because the FEC encoder and FEC decoder reside on the same die, the two clock trunks
are placed in the center of the region occupied by each respective module on the die ay
shown in Figure 8.5

FEC FEC
Encoder Decoder

Side \ / Side

Figure 8.5: Clock Trunk Positionin, on the Die
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skew on the clock line. The total latency (delay) from rising clock edge on the chip input
to rising clock edge at flip flop inputs is around 13 ns. This latency doesn't affect the speed
of the design. It just shifts the phase requirements for the clock and the data by 13 ns at the

chip level inputs.

8.6 Overall Savings From Logic Minimization

As has been presented in Chapters 3 and 4, the finite state machines (FSM’s) is the FEC
encoder and FEC decoder are often functions of a large number of input variables, e.g. 12
bits of a counter. Thus traditional logic minimization techniques such as Karnaugh maps
are hot feasible. The minimized FSM realizations were obtained using logic minimization
software. The optimal state assignments were determined using “mustang” [11] and the

software allowed a savings of 350 gates in the entire design.

8.7 Design For Testability
The design uses a full serial scan technique for high observability of internal nodes [15).

equivalents. The scan equivalent flip flop of a conventional D-Flip fiop is shown in Figure
8.6.
2:1

—iD

b Q —nn b Q
T

TE |
>¢P TE >cp

L[]

Figure 8.6: Scan Flip Flop Structure
Effectively, a scan flip flop is simply the conventional flip flop prefixed by a 2:1 multi-
plexer. The scan flip flop thus has two data inputs, the normal D-input and the TI-input
(scan in). The inputs selection is controlled by the TE (scan enable) input. An example of
how scan flip flops are connected in a design is shown in Figure 8.7 for a three flip-flop
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system.

Combinational Logic >

— ¥

SCAN
-+ OUT

When scan enable is de-asserted, the scan flip flops function as normal flip flops, i.c the 1)-
input is selected, and the flip flops interface with the combinational logic 10 implement
desired functions. When the scan cnable line is asserted, the Tl input is selected as flip flop

(SCAN IN). As shown in Figure 8.7, the output of this flip flop is connected to the TI input
of the next stage. The output of that stage is then connected to the TI input of the subse-
quent stage. In a larger design, all flip flops are connected in this manner. Thus in scan
mode, the scan flip flops are connected into a shift register chain.

vector pattern is then shifted into this chain to load up each tlip flop with a preassigned
value. The states on the flip flops are then applied to the surrounding combinational logic.
The outputs from the combinational logic are applied to the standard D-inputs of the flip
flops. The device is then placed in normal mode for one clock cycle to clock the values on
the D-inputs into the flip flops. The ASIC is placed in scan mode once again and the result-
ing pattern which was clocked into the flip flops in normal mode is then shifted out of the
scan chain. The resulting pattern is then compared with the expected output response.

The benefits of this testing strategy include the following: (i) high observability of internal
nodes, (ii) high fault coverage, and (iii) automatic generation of test patterns to achieve
high fault coverage. These benefits do not, however, come without costs. The costs of
using the scan path technique to test the ASIC are as follows: (i) higher gate count from
the additional 2:1 MUX components in each scan flip flop, (ii) higher fan outs on each Q-
output of each flip flop, (iii) performance delay through 2:1 MUX, (iv) requires three addi-
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tional chip pins, “scan enable”, “scan in", and “'scan out™.

In the FEC ASIC design, separate scan chains were developed for both the FEC encoder
and decoder modules as they are clocked from different input pins. This requires 6 addi-
tional chip pins. The codeword delay buffers are excluded from the scan chain, however
for obvious reasons: these modules are shift registers with their inputs and outputs avail-
able as chip level inputs and outputs. Thus they can be tested as scan chains in themselves.
This greatly reduces scan chain length and testing time. However, any flip flops in these
chain which feeds combinational logic was included in the scan chain so that this logic can
be tested.

The scan test vector set to test the FEC ASIC was generated automatically and consisted
of 643 vectors which achieved a fault coverage of 100% of all testable faults

8.8 Automatic Test Equipment (ATE) Vectors

The test vectors automatically generated by LSI Logic design software for serial scan give
high fault coverage but do not verify design functionality. To verify the operations of
reframing, out-of-frame detection, and error correction requires processing of a number of
DS 1-FEC or DS3-FEC frames at the decoder. Each of these frames is either 2316 (DS1) or
1360 (DS3) bits long so the test vector set easily becomes very large. Thus careful plan-
ning was put into the test vector design to make the set manageable. The final functional
vector set was 15968 vectors long and tests the system in DS3 mode. Figure 8.8 shows the

structure of this functional test vector suite:

0] cwi [s] cw2 ] cws CW4 CWS5
58

CW6 CW7 CW8 CW9 cwi0 |10

7 g é g

Figure 8.8: Functional Test Vector Suite

In Figure 8.8, CW, is a DS3 codeword and the “10” and “8” blocks are blocks of ten and
eight random bits respectively. There is a single bit error in CW4, CW6 coatains only
1359 bits, i.e. it is missing a bit. This is akin to gapping out a clock cycle at the decoder in
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the laboratory test environment (Section 6.7), and will force the decoder OOF. All other
codewords are error free. In the following discussion, the operation of the FEC decoder on
this data set is presented. Note that for this vector set Cg=1 and C=2.

search for the codeword boundary. Point 1 is not at the end of a valid codeword, so a non-
zero syndrome is decoded there. Thus, the decoder slips through the data streum until it
rcaches point 2, the end of a valid codeword. where a zero syndrome is decoded. Point 2 is
dwelled on as a frame candidate and the syndrome at this position one codeword time later
(Point 3) is considered. However, point 3 is not the end of a valid codeword either so a
non-zero syndrome is decoded and the frame candidate is rejected. The decoder then slips
through the data until a location is found which decodes a zero syndrome (Point 4). This
time when the syndrome at one codeword time later (Point §) is examined it is the end of a
valid codeword and hence is zero. Because Cg=1, this single confirmation is sufficient for
the decoder to declare INF at point 5.

As note previously, CW4 contains a single bit error. Thus the syndrome at point 6 is non-
zero. Because Co#0, the system remains INF. The syndrome information 15 processed to
correct the single bit error. CWS is error free so a zero syndrome is decoded at point 7,
resetting the OOF detection process.

Because a bit has been stolen from CW6, the system will clock 1n the first bit from CW7 as
part of the CW6 codeword. This will result in a non-zero syndrome at point 8. These non-
zero syndromes persist at points 9 and 10. Because C=2, the second confirmation at point
10 causes the system to declare OOF. The decoder then slips until it finds a location which
decodes a non-zero syndrome. This occurs at point 11. Because this 1s the true frame
boundary, the system will declare INF after the confirmation at point 12,

Thus, this function vector suite tests the following functions of the FEC decoder: (i) scan
for frame candidate, (ii) rejection of a false frame candidate, (iii) resume scan for new
frame candidate, (iv) confirm candidate is the correct frame boundary and declare in-

frame, (v) decode an error free codeword and initiate no error correction activity, (vi)
decode a codeword containing a single bit error, correct the error, and increment OFD
counter, (vii) decode a second error free codeword and clear OFD counter, (viii) decode a
codeword which is missing one bit to cause an OOF condition, and finally (ix) confirm and

During this period, the FEC encoder encodes 10 complete DS3 codewords. It 1s verified
that the checkbits for these codewords are correctly computed and inserted into the proper
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F and C-bit positions.

The toggle coverage of the device by this vector set alone (not including scan vectors) was
99.36% of all nodes. This high coverage is noteworthy and is attributed to the almost
totally serial-processing nature of this design. After a single codeword is shifted in, every
flip-flop in the encoder and decoder delay registers is toggled and the main system
counters and decoding logic have experienced their complete address range. While high
toggle coverage does not necessarily imply high fault coverage, it is clear that this func-
tional test vector set exercises the modules well. Combined with the high fault coverage of
the scan vectors, this ATE testing strategy will be quite effective in identification of defec-
tive production units. All 10 prototypes which were fabricated passed all scan and func-

tional test vectors.

The FEC ASIC in DS3 mode operates at a clock frequency of 44.736 MHz (22.35 ns clock
period). However, the ATE used can operate at a maximum frequency of 20 MHz. To ver-
ify the ASIC could operate at speed, a “representative delay path™ was brought out to a
chip pin. This path is one of the longest in the design, passing (un-clocked) through cight
levels of logic before reaching the chip output pin. It is noted as “e_rp” on the bonding
diagram. The simulated delay on this signal line from the time the clock signal is applied
to the chip clock pin and the time “e_rp” is stable is around 21 ns under ATE test environ-
ment conditions. This includes the approximately 13 ns latency introduced by the clock
trunking scheme (so the actual delay on this path is around 8 ns under ATE environment
conditions). It is expected that any change in the actual delay observed on this pin will be
consistent with the other internal signals on the ASIC. Thus as long as this signal meets its
simulated timing requirements, the all internal signals are expected to also meet theirs.
The timing requirements for the representative path are tested by strobing the signal 21 ns
after the clock signal is applied to the ASIC for each vector in the functional vector suite.
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Chapter 9
Summary and Conclusions

9.1 Summary of Results

The incorporation of an FEC code into the DS and DS3 signal formats using the primary
framing (F) bits to transport to FEC checkbits has been successfully implemented in a 38k
gate ASIC using LSI Logic’s 1.0-micron gate array process. The main accomplishments
are summarized as follows:

A successful design of the FEC encoder was achieved. This device correctly maps the
incoming conventional DS1 Superframes or DS3 frames into DS1-FEC or DS3-FEC
codeword blocks respectively, computes the FEC checkbits for each data block, and
inserts the checkbits into the distributed F-bit positions.

The FEC decoder design has was also been validated and fully meets the design intent.
The FEC decoder computes the syndrome for the received word on a bit-by-bit basis using
the CCSC technique to modify the existing syndrome information at cach bit time thereby
deriving the syndrome for the data after each new bit is shified in. The syndrome informa-
tion is used by the frame alignment unit to achieve rapid frame alignment. Once frame
alignment is established, the syndrome information is used to locate and correct single bit
errors in the received codewords. The conventional framing sequences of the DS Super-
frame and the DS3 frame are also correctly restored to their conventional format by the
FEC decoder.

The FEC encoder and FEC decoder are configurable for operation on DS1 or DS3 signal

efficient re-use of internal logic structures.

Modern logic design software for FSM state assignment and for boolean equation minimi-
zation, yielded minimized implementation of the sequencers and FSM’s in the encoder
and decoder, saving 350 out of a possible 1049 gates subject to minimization.

A full scan chain methodology was used in design for testability. This permitted high fault
coverage (100% of all testable faults) in 643 scan test vectors. The codeword delay buffers

flops at parallel tap points in these registers which drive combinational logic. The latter
were also included in the scan chains. A compact set of functional test vectors was also
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presented to test the design functionality using automatic test equipment. All 10 proto-
types which were received passed all of the ATE tests.

The Jaboratory test environment was developed for design validation and to characterize
the error correction and framing performance of the FEC ASIC. Thes following is a sum-
mary of the properties which were confirmed by test and measurement:

Single bit error in any position of the DS1-FEC or DS3-FEC codeword is correctable.
All even weight multiple errors are detectable in DS3 mode. (No error extension).

43.7% of higher order errors (>1) are detected in DS1 mode. (At most one additional
error is introduced in codewords containing a higher order error which was not
detected).

33.7% of higher order errors (3, 5, 7, ...) are detectable in DS3 mode

For channel BER < 10’5, the BER improvement from FEC coding in DS1 mode is
approximately : 2963 x BER2.

For channel BER < 1073, the BER improvement from FEC coding in DS3 mode is
approximately by: 1359 x BER2.

DS | maximum average reframe time is 5.3 ms for Cgr=2 (9.6 times faster than conven-
tional F-bit framing)

DS 1 OOF detection time is 9.0 ms for Co=5 (10 times slower than conventional F-bit
framing)

DS 1 Overall OOF detection + Reframe time is 14.3 ms average (3.6 times faster than
for conventional F-bit framing)

DS3 maximum average reframe time is 101 ps for Cg=2 (13.5 times faster than con-
ventional F-bit framing)

DS3 OQOF detection time is 182 ps for Co=S$ (6.6 times slower than conventional F-bit
framing)

DS3 Overall OOF detection + Reframe time is 283 us average (4.9 times faster than
for conventional F-bit framing)

Some additional details about the ASIC are as follows:

Measured power consumption is 5.3 Watts in DS3 mode, 300 mW in DS1 mode
LSI Logic Die Class L 100094 (Max 40k gates)
95-pin ceramic PGA package
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9.2 Further Work

9.2.1 Towards a Production Device

The ASIC design in this work was a prototype. Numerous sub-circuits and pinouts were
employed to support the research-oriented aims of the project. If it is desired now to take
this design into production, the following changes could be made to the design to reduce
the gate count, allowing a smaller die, reduced power consumption, and possibly a smaller
plastic package. The first is to implement the codeword delay buffers with a circular RAM
buffer design approach rather than a true flip flop shift register. The RAM would bhe
indexed by two pointers, NEW and LAST as shown in Figure 9.1

NEW

—
LAST |

1 DSI1:2316, DS3 1360
— Storage Elements (1-bit)

N

Figure 9.1: Cyclical indexed RAM implementation of delay registers

Pointer NEW would always point to the address to which the next bit arriving in the sys-
tem would be written. Pointer LAST would point to the address containing the oldest data
bit. Pointer NEW would chase Pointer LAST around the RAM cyclically. This strategy is
more electrically efficient than the serial shift register implementation using flip flops
because (i) each RAM cell has fewer transistors than a D-flip flop, thus reducing the size
of the delay buffer structure, and (ii) only one read and one write of the RAM is required
in each clock cycle, so the number of gates changing is very small, hence the power con-
sumption will be lower, even though the RAM will dissipate some static power. This
method works well for the encoder delay buffer which has only a serial input and serial
output.

In the FEC decoder, the large number of parallel taps required to implement CCSC does
not lend itself to using a single RAM structure. However, smaller RAM's could be used to
implement the shorter delay segments between paraliel taps in the existing decoder delay
buffer. In this case, a combination of RAM and flip flop registers would be used. A stan-
dard shift register would be used in those cases where the number of gates to realize the
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RAM and the address decoding logic for the two pointers exceeds the gate count of a sim-
ple shift register to implement the same delay.

Another recommendation to modify the design for production would be to combine all of
the research-oriented error detection output signals (e.g. SED, SEC, DED, HOE, OPBErr)
into one output signal which simply indicates that an error has occurred or been detected.
In addition, the Cg, Cg values could now be hard-wired into the design, eliminating 10
input pins. Both of these measures would reduce pin count, potentially allowing a smaller
package to be used.

9.2.2 Towards SONET FEC

can be applied to other signals which are prevalent in the telecommunications transport
industry, for example the SONET STS-1 or STS-3 signals. The development would
requirc the design of related codes to cover an STS-1 or STS-3 frames The CCSC com-
pensation functions for these formats could then be derived in a manner similar to that in
Chapter 4. The only difficulties foreseen at this point for CMOS implementation of FEC
framing for these format surround STS-3. As this signal format has a bit rate of 155.52
Mb/s [7], only 6.43 ns are available for processing each bit. This means that the design
would need to be generously pipelined to effect the required processing. Also, because the
power consumption in CMOS is directly related to the system clock frequency, the power
consumption of an ASIC implementing FEC framing for STS-3 would be high and likely
require special care in package selection and operating environment.
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Appendix A
FEC Encoder/Decoder Support Modules

A.1 D - Flip Flop with Synchronous Load and Shift Enable

In this s:ctinn the construction of the Daﬂip ﬂap 'with synchmﬂﬁus lagd and shift enable is
!’Bglhl!:l’ and the hc!dmg register in the EC encoder. The schemanc d;agra_m for Lhe ﬂlp
flop is shown in Figure A.1

SHIFT ENABLE ———
LOAD ENABLE
Ccp
CD

Figure A.1: Schematic diagram of D-flip flop with synchronous load and shift enable

The following are the inputs to the flip flop:

* D: standard data input of a D-flip flop

* LOAD JN synghmnous Ioad mput data

. LQADEENABLE! i:nablc synchmnous lnad of data fmm L.OAD IN input to Q output

¢ CP:clock input

* CD: asynchronous reset

The flip flop has only the Q data output. The operation of the flip flop for all possible con-
trol signal inputs is given in Table A.].
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Table A.1: Next state table for D-flip flop with synchronous load and shift enable

 LOAD ENABLE L SHIFT ENABLE Q
0 Q
| D
! X LOAD_IN

Note that the Q output of the basic D-flip flop 1s used because only an inverting 3:1 MUX
is available in the LSI Logic macrocell library.

A.2 Catch C-Bit Module

Figure A.2 shows the circuit used to trap the valid C-bits.

BIT_IN

CATCH
Ccp

CD

Figure A.2: Module for Sampling C-bit

The inputs to this module are as follows:
* BIT_IN: the value of the bit which is currently emerging from the delay buffer (includ-
ing pipeline delay re-times) after error correction

o CATCH: a control signal indicating that BIT_IN is a valid C-bit and that its value

should be sampled.
e CP: system clock

e CD: asyncrhonous reset

C_BIT

The circuit has a single output, C_BIT, which contains the valuc of the last valid C-bit

which was seen.

When BIT_IN is not a valid C-bit, CATCH is de-asserted (low) and the a-input of the
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MUX is selected. Hence the flip flop will hold its current value on the next rising clock
edge. However, at bit positions 170 and 850 in the DS3-FEC codeword, BIT_IN is a valid
C-bit. The CATCH signal is asserted (high). This routes BIT_IN to the d-input of the flip-
flop so that its value is transferred to the q-output on the next rising clock edge. Hence the
value of the valid C-bit for the frame is stored on the C_BIT output of the block and can be
used by the parent block to replace those bits occupying the two C-bit positions of the DS3

friune used to carry FEC checkbits,

A.3 5-Bit Magnitude Comparator

Addiuonal information on the 5-bit comparator used in the FAU for comparison of the
FAU contirmation counter to the Cg or C(y confirmation thresholds is presented in this
section. Figure A.3 shows the schematic for the 5-bit comparator:

Figure A.3: Schematic Diagram for 5-Bit Comparator
The module has the following two inputs:
* A0 Al A2 A3, A4: 5-bit binary number, A4 is the MSB
* B0 Bl, B2, B3, B4. 5-bit binary number, B4 is the MSB

exactly equal, i.e (A0=B0), (Al=BI). (A2=B2), (A3=B3), and (A4=B4).

A4 D-Flip Flop with Synchronous Load and Synchronous Clear
In this section, the design of the D-flip flop with synchronous load and synchronous clear
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used in the Meggitt register in the ECU is presented. The schematic diagram is shown in
Figure A 4:

LOAD_ENABLE

D — ] &
3:1 SD
LOAD.IN — yix>—+* D Q

Logical 0 ————»

— l -Dcp Q [ Q
CLEAR

CP
CcD

Figure A.4: Schematic diagram of D-Flip Flop with synchronous load and clear

The module has the following inputs:

D: Conventional D-flip flop data input
LOAD_IN: Synchronous load input data

LOAD_ENABLE: enable synchronous load of data on the LOAD_IN input into the flip
flop

CLEAR: Enable synchronous clear of the flip flop
CP: System clock

CD: Asynchronous reset

The flip flop has one output, Q. The values which the Q-output of the flip flop will take on
after the next rising clock edge for all possible control signal input conditions is given in

Table A.2:
Table A.2: Next state table for D-Flip Flop with synchronous load and clear
ENABLE | CLEAR ol
O O
0 LOAD_IN
X 1 0

AS Error Pattern Detection Circuit
The error pattern detection module is used by the Meggitt decoder to locate a singic bt
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error. The error is found when the contents of the Meggitt register are $C47 in DS1 mode
or $504 in DS3 mode.

In DS1 mode, all 12 bits of the register are examined, and in DS| mode, only the right-
most 11 bits carry valid syndrome information. Thus in DS1 mode, the LSB of the Meggitt
register is on the Q-output of fO in Figure 4.10 and in DS3 mode, the LSB in the register in

on the Q-output of fl.
The error detection circuit hence implements the following equation:
ERROR LOCATED =
(DS1)(Qo)Q N(Q2)(Q3) Q) Qs Qe Q1) Qp) Qo) Q10X Q1)
+ (DS3)Q)(Q2)(Q3)(Q4 Q) Qe ) Q) QX Q9N Q10X Q) ) (A1)

A.6 Frame Boundary Divided By 2

This module processes the active low pulse on the FRAME IN line of the FEC encoder to
produce a 50% duty cycle square wave with a period of two DS3 frames or masterframes
depending on whether the frame or masterframe information is supplied respectively. The
output of the module is a logic zero for all time if the system is in DS1 mode. The sche-
matic for the circuit to achieve this is shown in Figure A S:

+
[ ]

FRAME IN —
DSI

CP

Figure A.5: Schematic diagram for the frame boundary divided by 2 module
The four inputs to this module are the following:
* FRAME IN: The signal on the chip level FRAME IN line, ¢ither the DS3 fraine or mas-
e DSI: DS1, DS3 mode select line
* CP: System clock
* CD. Asynchronous clear
The module has only one output, FB«+2. In DS1 mode, the output of the NOR gaie is held
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to a zero. This causes the JK-flip flop to hold its present value for all time. This value will
be the logical zero placed on the Q-output of the flip flop at reset time. In DS} maode, the
NOR gate acts like an inventer. For those clock cycles while the FRAME IN line is high,
the JK inputs on the flip flop are each a 0 so the flip flop holds its value. Each time the
FRAME IN line goes low, the JK inputs are brought to a logical | which causes the flip
flop to toggle its value on the next rising clock edge. The resulting output wavetorm is
shown in Figure 3 4.

A.7 Sample FEC ENABLE

The schematic for the “Sample FEC ENABLE™ module is shown in Figure A.6:

FEC __
ENABLE

. SAMPLED
FEC
B ENABLE

CP ——
cD——— e —

Figure A.6: Schematic for **Sample FEC ENABLE" muodule
The inputs to this module are the following:

e CWB: Codeword boundary. active low pulsc, one bit ume width, coincident with the

* FEC ENABLE: Enables replacement of F and C-bits with FEC checkbits when
¢ CP: System Clock

s  CD: Asynchronous reset

The output, SAMPLED FEC ENABLE is a signal which changes only coincident with the
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codeword boundaries and holds the value of the FEC ENABLE line at the last codeword
boundary time.
When CWB goes low (the codeword boundary time), the value currently on the FEC
ENABLE line is sampled and stored on the Q-uvutput of the flip flop in the next rising clock
edge. However, when the CWB signal 1s high (not the codeword boundary time) the flip
flop holds its current value. Thus the Q-output of the D-flip flop changes one bit time after
the codeword boundary. The thrce NAND gates, ndl, nd2, nd3 generate the SAMPLED
FEC ENABLE signal in the following way:

SAMPLED FEC ENABLE = (CWB) (FEC ENABLE) + (CWB) (Q) (A.2)
Thus at the codeword boundary time (CWB = 0), SAMPLE FEC ENABLE takes on the the
current valuc on the FEC ENABLE line while FEC ENABLE is simultaneously sampled
flip flop. At subsequent bit times. SAMPLED FEC ENABLE akes on the stored on the Q-
output of the flip flop, i.c. the last sampled value of FEC ENABLE. Thus SAMPLED FEC
ENABLE only changes at the codeword boundary time, perfectly synchronous to the
emerging codewords from the delay buffer.

A.8 Correction Pulse Timing Latch
The Correction Pulse Timing Latch is used to generate the SEC signal after the lag

bit in error actually emerges from the codeword length delay register. The lag is managed
with the ECU lag counter. The role of the latch is to generate the SEC pulse after the lag
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has been resolved. Pseudocode for this FSM is given in Figure A.7

STATE A: (DISABLED - ERROR NOT LOCATED)
if (ERROR is LOCATED) {
if (Lag Count = 0)
Assert SEC ;
Goto STATE A;
} else {
Goto STATEB .

STATE B: (ERROR LOCATED - WAITING FOR LAG TO BE RESOLVED)

if (Latch Direct Clear is Asserted) |
Gow STATE A,
} else {
if (Lag Count = 0) {
Assernt SEC .
Goto STATE A ;
} else {
Goto STATEB ;
}

}

Figure A.7: Pseudocode for the Correction Pulse Timing Latch FSM
Once the error has been located, the latch is armed and the lag counter is tested for zero. If
it is zero, then the correction pulse is sent immediately. Otherwise, the latch waits for the
lag to be resolved before firing the correction pulse. Note that the latch has a direct syn-
chronous clear of its own. If the lag is not resolved before the end of a codeword is
reached, i.c. a higher order error, or an error located in the parity check bit positions, the
latch is cleared to prevent any error correction activity.
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B.1 FEC Encoder System Controller

This section contains the espresso input and output files for minimization of the state
decoding logic for the FEC encoder system controller. The input and output variables are
documented in the file headers along with any additional documentation.



Fri Nov 26 13:34:33 199) i

E 32 3 2 3 ]
DS1/DS3 FEC ENCODER SYSTEM CONROLLER - ESPRESSO INPUT FILE (ON-SET)

INPUTS:
dsl : Asserted HIGH for DS3 mode of operation
80, 51, 82, ... , ®ll : System Controller State Counter Value.
80 is LSB, sll is MSB

cwb* : Asserted Low for one clock cycle coincident with
the first bit of a DS1-FPEC or DS3-PEC codeword
selParity : Asserted HIGH at each time a parity check bit is to
removed from the holding register and inserted into
the outgoing bit stream
encRegShift* : Asserted HIGH to enable shift of new, incoming
bit into encoding register; asserted LOW to gap
out F-bits (Holds the register contents)
holdRegLoad : Asserted to synchronously transfer the parity
encoding and parity bit computation registers
respectively into the holding registar.

* The minimization will derive the complement of this signal.
Be sure to complement it in the actual implementation.

Note that the following listing is only the ON-SET for the espresso
minimization (i.e. those conditions for which the signals assume
a logical 1. The don’'t care set (those conditions for which the
functions are unspecified) is very large. However, it logically
contains all of the following entries:

For (1360 <= s <= 2315) and DS3=l all ocutputs are ----

Por (2316 <= g <= 4095) all outputs ----

...........‘.‘.Q........OO.‘....

¢ All other conditicons not specified are the OFF-set.
.-- EEEEEEESEEEEERERN iiii-----I--'iii-i------ii-iii-iii‘------‘--Iiiiii-.
.1 13

.0 4

.i1b dsl 50 51 32 53 sd =5 26 87 g8 g9 310 sll
.0b cwb selParity encRegShift holdReglLoad

# D53 Mode Control Signals

1110010100000 0110

1101111110000 0110

1010010101000 0110

1131001011000 0110

1001111111000 0110

1100010100100 0110

1110111110100 0110

1101001011100 0110

1010111111100 0110

1111100100010 0110

1001001010010 0110

1100111110010 0110

1101100101010 0001

1011100101010 1000

# DS1 Mode Control Signals

0111111010000 0110

0000000011000 0110

0100000100100 0110

0010000001100 0110
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Pri Nov 16 13134123 1993

0110000111100
0001000010010
0101000101010
0011000000110
0111000110110
0000100011110
0100100100001
0100100001001
0010100001001

.i13
.0 4

.ilb ds3 30 sl »2 831 md 85 86
.ob cwb selParity encRegShift

p 27
=01-1---=1-=1
~10=1===-1--1
10111--1-1-1-
10101111111--
-01100000011~
=10010010---1
100100101~-1=~
-00010001111-
110011211--1-
11011--1-1-1-
0111111010000
10011111110--
11101111101--
11010010111--
110111111000~
001000000110~
000100001001-
10100101010--
11000101001--
-11100011011-
11110010110--
1111100100-1-
010100010101~
111001010000-
000000001100-
010000010010~
011000011110-
i.

0110
0110
0l10
0110
0110
0110
0110
0001
1100

1100
0001
1000
0110
0110
0110
0110
0110
0110
0001
0110
0110
0110
0110
0110
0110
0110
0110
0110
0110
0110
0110
0110
0110
0110
0110
0110

87 x8 89 810 =11l
holdReglLoad
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B.2 Main FEC Decoder System Controller

This section contains the espresso input and output files for minimization of the state
decoding logic for the main FEC decoder system controller. The input and output vari-
ables are documented in the file headers along with any additional documentation.
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Sun Nov 7 17:10:25 1993 i

.Il!gg!g!g!lll---!g----nlgggg!-izggg;-::gi-g-;iggg;;g===;gﬁg=;gfg==
# D51/DS3 FEC DECODER - SYSTEM CONTROLLER STATE DECODER

# ESPRESS0O INPUT FILE

]

# Controller Inputs:

] ds3 : Asserted HIGH for DS3 mode operation

] 80, s1, 82, ... , 810 : System Controller State Counter Value.
# 810 is MSB; 80 is LSB.

#

# Controller Qutputs:

L ms0, msl : Mux Control signals for Frame reconstruction

] catch_¢ : Asserted HIGH to sample current bit as the valid

] C-bit for a DS] frame

] frame : Asserted LOW for one bit time coincident with the

] first bit of the DS1 superframe or the first bit of
[ eaach DS2 frame.

] memberCB : Asserted HIGH when the bit following the current

] one is an FEC checkbit

L eqgl3s5a : Asserted HIGH when the system controller state

. counter reaches 13158

L

®# Note that the listing which follows is only the ON-set for the

§ espresso minimizations. The don’t care set is too large to

§ pre=ent here. However, the don’t care set contains the following
# entries:

L ] For (1360 <= g <= 2315) and (DS3-1) all outputs are ------

# For (2316 <= = <= 4095) all outputs are ------
QSQS!;!:II:ZSZ;:I‘EEEESSSggggsﬁﬁgss;sg§§§§§=§;g==§=2=2;22;;5;;5?=z;
.4 13

.0 6

.ilb ds3 =0 51 32 53 84 85 86 87 58 39 810 g1l

.0b ms0 msl catch_c frame memberCB eqlisé
.typs fd
0000000000000 010100
0111111010000 100010
0000000011000 100010
0100000100100 100010
0010000001100 010010
0110000111100 010010
0001000010010 100010
0101000101010 010010
0011000000110 010010
0111000110110 010010
0000100011110 100010
0100100100001 100010
1000000000000 000100
1110010100000 010010
1100101010000 001000
1101111110000 100010
1010010101000 110010
1111001011000 100010
1001111111000 110010
1100010100100 010010
1000101010100 000100
1110111110100 010010
1100010101100 001000
1101001011100 100010
1010111111100 110010
1111100100010 100010
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dacoder.on

Sun Nov 7 17:10:2% 199)
1001001010010 110010
1100111110010 010010
-101100101010 000001
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ds3

mal, msl
catch_c

LE E X R E B B B B ¥ ¥ ¥ ¥

frame
memberC

eql3s58

Lt bt 2 2 PR i bt LTI T I T I 22 1 2 1 F T e

= -
DS1/DS3 FEC DECODER -

s0, =81, =2,

7 17:112:29 199) 1

t EEESSE=zx=c=

SYSTEM CONTROLLER STATE DECODER
ESPRESSQ OUTPUT FILE

Controller Inputs:

: Asserted HIGH for D53 mode operation
: Syatem Controller State Counter Value.
810 is MSB; 80 is LSB.

, Bl0

Controller Outputsa:
: Mux Control signale for Frame reconstruction
: Asserted HIGH to sample current bit as the vali.d

C-bit for a DS} frame

: Asmerted LOW for one bit time coincident with the

first bit of the DS1 superframe or the first bit of
each DS) frame.

: Asserted HIGH when the bit following the current

one is an FEC checkbit

: Asserted HIGH when the system cuvntroller state

counter reachesa 1358

present here.
entries:

. A K E B K K B E B X E B N
"o N
L7

unu 2]

.p 29

0111111010000 100010
0000000000000 010000
=000000000000 000100
110010101000- 001000
=10110010101- 000001
10001010101-- 000100
11000101011-- 001000
001000000110- 010010
110111111000- 100010
000100001001~ 100010
111001010000~ 010010
010100010101~ 010010
000000001100~ 100010
011000011110~ 010010
010000010010- 100010
=01100000011- 010010
11101111101-- 010010
1111100100-1- 160010
11110010110-- 100010
-00010001111- 100010
10101111111-- 110010
-11100011011- 010010
10011111110-- 110010
11010010111-- 100010
11000101001-- 010010
10100101010-- 110010

espresso minimizations.

For (1360 <= 8 <= 2315) and (DS3-1)
For (2316 <= 8 <= 4095) all outputs

R E R R R E N S E I SR S o ST E S S S S CSCSCSrS=mE RS SEZ=Z=ZS=S==S==o==

1b ds3 20 sl =2 53 sd 85 86 87 =88 89 =10
,ab ms0 msl catch_c frame memberCB eql358

Note that the liasting which follows is only the ON-set for the
The don‘t care set is too large to
However, the don't care set contains the following

all outputs are ------

are ------

81l



decoder.ain

Sun Mov 7 17:13:39 199)

110011111--1- 010010
100100101--1- 110010
-10010010---1 100010
.e
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B.3 Frame Alignment Unit System Controller

documentation.
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vf_ofd.txt

Pri Nov 26 13:41:850 1993 1

REFRAME & OUT-OF-FRAME DETECTION CIRCUIT SYSTEM CONTROLLER
ESPRESSO Input File

[}
]
L]
]
"
H
L]

: Assert LOW to clear count on next clock edge
: Next State Control Logic for JK FF’s

count_clear®*

jo, k0, j1, k1

»

The minimization will derive the complement of this

signal. Be sure to complement it in the actual implementation.
2 23 s - 1 2 3 3 3 ¥ 3 T F 1+ 3 s 3 3 X i3t 2t i1 1 i 131ttt it ittt ittt 3t 2 2 24 %+
.17

.0 B

.ilb Q0 gl ZSbar TCbhar syscount_eq 0 countEQCR countEQCO enable

.ob inframe slip count_enable count_clear jO kO jl1 kl

.type £d

000---- 01000-0-

001-1-- 10001-0-

001-0-- 00101-1-

11-0--- 0000-0-0

]

L

#

#

# INPUTS:

# ql, ql : State Variables

[ ] ZSbar : Asperted LOW when SYNDROME=(

L TCbar : Asserted LOW when system counter reaches
* its Count (DS1: 2315 ; DS3: 1359)

# countEQCR : Asserted HIGH when RF/OFD Counter = CR

4 countEQCO : Asserted HIGH when RF/OFD Counter = CO

L enable : Asserted HIGH to enable OOF Detection

]

# OUTPUTS:

" inframe : Assert HIGH when frame aligned

] slip* : Pulse LOW once for each bit rejected as a frame
4 Candidate

o count_enable : Assert HIGH to increment counter on next rising
* clock edge

L

#

#

#

L

=

1101---
11110--
11111--
10----0
10-0--1
1011--1
1001-01
1001-11

01-1-1-1
0010-0-0
10-1-0-1
10-1-00-
1000-00-
10-1-00-
1010-00-
01-1-10-

§# ESPRESSO Output FPile

.ilb q0 ql1 ZSbar TCbar syscount_eq 0 countEQCR countBQCO enable

.ob inframe slip count_enable count_clear jO k0 jl1 kl

1-01-11 01€10100
10-1-0- 10100000
0-1-0-- 00101010
10-0--- 10000000
0-1-1-- 10001000
-1111-- 20010001
1011--- 10010000
0-0---~ 01000000
10----0 10010000
-1-1--- 00100000
-101--- 01010101



B.4 Error Correction Unit System Controller

This section contains the mustang and the espresso input and output files for minimization
of the state decoding logic for the FEC decoder Error Correction Unit (ECU) system con-
troller. The input and output variables are documented in the file headers along with any
additional documentation. Note that the mustang output file is the espresso input file.
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ec_sysCtrl .mus Sun Nov 7 18:335:52 1993} 1
ST EFEECEE S E R IR E T S E S N E N AN E N EE S AN RN NS EEEEEEE RIS ESESEEESEESESES
ERROR CORRECTION IT - SYSTEM CONTROLLER STATE DECODER

dsil
tc

parityEQD
ayndEQQO
eqliss

membearCB
lagEQO

inframe
lagCLR
lagENAR
lagUup
meggittCLR
sed

ded

hoe
OPBary

latehCLR

.....‘.......‘.“..’..“‘.Q"‘.‘..‘OO"...O‘t“.‘."‘..‘

MUSTANG INPUT FILE

Allows mustang to make an otimal state assignment for this
controller based on a minimization of physical area to
implement the controller.

File Format: Input Signals
Current State
Next State
Output Signals

State Definitions:
State A: Error Correction Unit Disabled
State B: Search For Error; increment lag counter for
each checkbit passed over
State C: Error Located; decrement lag counter for
each bit passed over until it is zero

Controller Inputs (From leaft to right):

: S5ignal Format mode select
: Asserted HIGH when system counter reaches

its terminal count; Asserted LOW otherwise.

: Asserted HIGH when the value of the overall

parity bit is a zero.

: Asgarted HIGH when the contents of the

err_located :

syndrome regiater is all zeros.

Asgerted HIGH when the value of the system
counter reaches 1358. (Used for DS3 only).
Asgerted HIGH during the bit time when the
single bit error is located.

: Aaserted HIGH when the next bit (after the

current one) is a checkbit position.
Asaerted HIGH when the value of the lag
counter is equal to zero.

: Asserted HIGH when the decoder is in-frame

Controller Outpu:: (from left to right):

: Asserted LOW to synchronously clear the lag counter.
Assarted HIGH to snable incrsmant or decrsmeant
of lag counter.

: Asserted HIGH to enable up count of lag counter.

meggittLOAD :

Asserted LOW to enable down count of lag counter.
A:i-ftid HIGH to lﬂnd Ehi ilﬁgitc r-yi:t::

: Pulse high during the bit time when the gingl- erroer

is located

Pulse high for one bit time if a double error is
datec.ed

Pulse HIGH for one bit time if a higher order error
is datected

Pulse HIGH for ons bit time of the overall parity
bit is found to be in error

?ﬁi‘tt HIGH to clear the error corrsction signal
latch

.19
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ea_sysCtrl ..mus Sun Mov 7 16:35:52 199) F |
.8 2
.-liiiigsiiiiiiiiii;;gliiiii;;gggggggggggggggggEEEEE225;;225::22;:2;;;:
# DS3: State A Data
.iii!!l‘iiig!!!!ii;iiigggggﬁi%&EstggsgzggﬁE%EEEEEE%E%==::z;;;;;;;;;;;g
| ====~--0 A A 00-0000000
10-=--==1 A A 00-0000000
1111----1 A A 00-0000000
1110---=1 A A 00-0001000
1101----1 A A 00-0000010
1100----1 A B 1--1000001
L
.-iiiiiii-.-Iiiiiiiii"l=i'---s::;;;;;sEEE;;;;;;=;=g===;:r;;::zﬂ:atf;;z
# DS3: State B Data
'!Q!!l--'-g-g!!!!!Q!giiiﬁggg;Z;2555225522:52===EE==;§§::=;;=E_w_1:~5 P
1-~-----0 B A 00--100000
1-~--10--1 B A 00--100100
1--=11--1 B A 00--110000
1---000-1 B B 00-0000000
1---001-1 B B 0110000000
1---01-11 B A 00--110000
1---01001 B C 010-110000
1---01101 B € 00--110000
s RS EESKEREREERCTCCoIcE---srEESEESSSSSsSsomsssossss=scmoscesamma-
# DS3: State C Data
'illiiii'liiiiiiiiiiii;g!§2=2$==E§§§§§§;=====§E:%EE;E;;;:g;ﬁ;a;z;%i-;;—

1---1--0- C A 0100000000

1---0-00- ¢ € 0100000000

1---0-10- C C 00-0000000

]
‘Ii.iiii:ﬁiﬁiiiiiiﬁiii;!liﬁzigg§§§§§§5222====§EEEEE%2;=ﬁ==33:ﬁ§3=2;;;::
# DS1: State A Data
‘----‘iiii_i!.-!!-!'l-iiiggi‘iﬁﬁﬁﬁ%ﬁ!EE%%Eﬁ:i=======255:EEEZEZEEZZ;=$Ez
=======0 A A 00-0000000

00~~----1 A A 00-0000000

01-1----1 A A 00-0000000

01-0----1 A B 1--1000001

4

00--100000
00--100100
00--110000
1--1000101
1--1010001
0110000000
010-110000
00--110000

b ——
01-1-0--1
01-1-1--1
01-0-0--1
01-0-1--1
00---00-1
00---01-1
00---10-1
00---11-1
¢

L - N N-N N N N B
ONWEHE D> >

00----00- C € 0100000000

00----10-
01-0---0-

c
c
c

C 00-0000000
A 00-0000000
B 1--1000001
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00----- 1- C A 00-0000000

01-1---1- C A 00-0000000
01-0---1- € B 1--1000001
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....-‘.gts.-'.--..!!‘--!;!;‘i!‘--!ii'ﬁ.l‘l!’!“gz:f;ggiiEE;;E:2:;;2;—:;
# ERROR CORRECTION UNIT - SYSTEM CONTROLLER STATE DECODER

] MUSTANG OUTPUT FILE / ESPRESSO INPUT FILE

[ ]

# MUSTANG STATE ASSIGNED FINITE AUTOMATON

State A: 01

State B: 00

State C: 10

Controller Inputs:
Refer to the documentation of
q0., ql : Finite state machine

stgte variahleg

Controller Outputs:
Refer to the documentation of the MUSTANG INPUT FILE
q0p, qQlp : Finite state machine state variables (Next ftate)
B ERE R R T T T T R T S EE S RS T E T EEE S EE S S S E =SS E XSS EESEZECSSEmE==sE=L ===
A1
.0 12
*
.ilb ds3 tc parityEQ0 syndEQO0 eqli58 err_located memberCHB lagEQO
inframe g0 q1

‘O“‘tt‘tt“

*
.0b q0p qlp lagCLR lagENAB lagUP meggittLOAD meggittCLR sed ded hoe
OPBerr latchCLR

00-0000000
00-0000000
00-0000000
00-0001000
00-0000010
1--1000001
00--100000
00--100100
00-~110000
00-0000000
0110000000
00--110000
010-110000
00--110000
00-0000000
0100000000
0100000000
00-0000000
00-0000000
00-0000000
00-0000000
1--1000001

01
+3 1
o1
01
c1
01
00
00
00
00
00
00
00
00
10
10
10
10
01

01
01
01
01
01
00
01
01
01
00
00
01
10
10
01
0l
10
10
01
01
01
a0

1111----1
1110----1
1101----1
1100----1

1---10--1
1---11--1
1---000-1
1---001-1
1---01-11
1---01001
1---01101
1--e-- 1-
1---1--0-
1---0-00-
1---0-10-

01-0-1--1
00---00-1
00---01-1
00---10-1
00---11-1
00----00-

00--100000
00--100100
00--110000
1--1000101
1--1010001
00-0000000
0110000000
010-110000
00--110000
0100000000
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Q0----10- 10 10 00-0000000
01-1---0- 10 01 00-0000000
01-0---0- 10 00 1--1000001

00----- 1- 10 01 00-0000000
0l1-1---1- 10 01 00 0000000
01-0---1- 10 00 1--1000001
Y & U
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..-..-I.-.--."-..---I--il!Efiii:§=5EHSEEEISSSSi§=IEESg

# ERROR CORRECTION UNIT -~ SYSTEM CONTROLLER STATE DECQD?R

[}

* ESPRESSO OUTPUT FILE

*

# Logic Minimized State Machine

#
'===::ar:::x8:388=8======’===§§E=’=§222%2252—2;’?;;55?%=’==::ﬁ =
.i11

.0 12

4

.ilb ds3 tc parityEQ0 syndEQ0 eql358 err_located memberCHB lagEQOD

inframe q0 ql

.0b qOp qlp lagCLR lagENAE lagUP meggittLOAD meggittCLR sed ded hoe

OPBerr latchCLR

#
.p 29
1---01001-0 000100000000
00~---01-100 000110000000
1---001-100 000110000000
00---10-100 000100000000
1101----1-1 000000000010
1---01-0100 100000100000
1110----1-1 010000001000
1---10--100 000000000100
01---0--100 000000000100
-100----1-1 001001000001
00---1--100 100000100000
-0----00-1- 000100000000
00-----0-1- 100000000000
01-1--=-- 00 000000100000
1---0--0-1- 100000000000
1-=--1-1-00 010000100000
lecea- 00-1- 000100000000
01-0----1-- 001001000001
-0----~1-1- 010000000000
0l-1~<-cu-- 010000000000
1---1--0-1- 010100000000
----- 1--100 000000010000
l1--<1----00 010000100000
1ecceeo 1-1- 010000000000
-------- 000 010000100000
-------- 0-1 010000000000
et EETEEE 1 010000000000
-0 - 1 010000000000
001001000001

01-0-----1-



