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FLASH ADC RECEIVER WITH REDUCED 
ERRORS 

BACKGROUND 

[0001] This invention relates to the reduction of decoding 
errors When using a ?ash analog to digital converter. 

[0002] Telecommunications typically involves communi 
cating a bit stream over a channel. At the sending end, the 
bit stream is typically encoded as an analog signal for 
transmission over the channel. At a receiver, the bit stream 
is decoded from the received analog signal. A real-World 
channel Will impart distortions to the signal. It is the function 
of the receiver to endeavour to accurately recover the bit 
stream despite these distortions. 

[0003] Where a bit stream is encoded as an analog modu 
lated signal, at the receiver, after removal of any 
carrier Wave, the signal may pass through an analog to 
digital decoder One knoWn type of ADC is a ?ash 
ADC Which uses a set of 2“—1 comparators to directly 
measure the received analog signal to a resolution of n bits. 
For eXample, a three bit ?ash ADC Will have seven com 
parators, each of Which compares an input voltage With a 
different pre-set reference voltage level in order to “slice” 
the received analog voltage into one of eight levels. In use, 
the analogue input signal is sampled at a clock rate re?ective 
of the bit rate of the bit stream on the channel. Each sample 
then represents one bit in the bit stream. For each sample, the 
voltage level of the sample inputs each comparator. The 
outputs from the comparators Will indicate that the voltage 
of the sample lies betWeen tWo reference voltages. In this 
Way, the sample voltage may be digitised to the level of the 
loWer of these tWo reference voltages. The digitised voltage 
then passes to an equaliser Which attempts to address 
channel distortion in determining, based on the digitised 
voltage, Whether the sample represents a binary 0 or a binary 
1. 

[0004] One signi?cant cause of channel distortions results 
from temporal spreading of the signal When propagating 
over long distances or over nonlinear medium. This phe 
nonenon is not effectively addressed by knoWn equalisers. 
Therefore, the current invention seeks to provide an 
improved equalisation approach. 

SUMMARY OF THE INVENTION 

[0005] Symbol decoding errors at a receiver utilising a 
?ash analog to digital converter (ADC) can be reduced by 
adjusting a reference voltage level of the ADC Where a 
decoding error rate at the reference voltage level eXceeds a 
threshold. 

[0006] In accordance to one aspect of the present inven 
tion, there is provided a receiver comprising: a ?ash analog 
to digital converter (ADC); a symbol decoder input by said 
ADC; a link quality indicator input by said symbol decoder 
for providing link quality indications; a reference voltage 
adjuster input by said ADC and outputting to a control input 
of said ADC for, based on said link quality indications, 
selectively adjusting one or more reference voltages of said 
ADC. 

[0007] In accordance to another aspect of the present 
invention, there is provided a receiver comprising: a ?ash 
analog to digital converter (ADC); decoding means respon 
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sive to said ADC to decode symbols; link quality detecting 
means responsive to said decoding means to detect symbol 
decoding errors; means responsive to said ADC and said 
symbol decoding errors for adjusting reference voltages of 
said ADC. 

[0008] In accordance to a further aspect of the present 
invention, there is provided in a receiver utilising a ?ash 
analog to digital converter (ADC), a method of improving 
link quality comprising: Where a link quality at a voltage 
slicing level of said ADC does not meet a threshold, adjust 
ing a reference voltage for said voltage slicing level. 

[0009] Other features and advantages Will become appar 
ent after referring to the folloWing description in conjunction 
With the draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] In the ?gures Which illustrate eXample embodi 
ments of the invention, 

[0011] FIG. 1 is a schematic vieW of a transmission 
system including a receiver made in accordance With this 
invention, 
[0012] FIG. 2 is a graph of probability density functions 
(pdf’s), 
[0013] FIG. 3 illustrates an exemplary look up table, 

[0014] FIG. 4 illustrates an exemplary trellis in a Viterbi 
decoder, 
[0015] FIG. 5 illustrates the trellis of FIG. 4 With prob 
ability Weights, and 

[0016] FIG. 6 and FIG. 7 are graphs of pdf’s overlaid With 
voltage slicing levels of a ?ash analog to digital converter 
(ADC). 

DETAILED DESCRIPTION 

[0017] Turning to FIG. 1, a transmission system 10 com 
prises a transmitter 12, a channel 14, and a receiver 16. The 
channel may be, for eXample, an optical channel on an 
optical ?bre. The receiver may comprise a serially arranged 
pre-processing block 18, adaptive gain controller (AGC) 20, 
?ash ADC 22, equaliser 24, and forWard error corrector 
(FEC) 26. A clock recovery block 28 may recover a clock 
signal upstream from the ADC and input the recovered clock 
to the ADC and the equaliser. The equaliser may output to 
an ADC level controller 30 Which inputs reference voltages 
to the ADC 22. The equaliser 24 may also output to an AGC 
level controller 32, Which in turn outputs to the AGC 20 
through a digital to analog converter (DAC) 34. Each of the 
preprocessor 18, AGC level controller 32, and AGC 20 
operate in a conventional manner and so is not further 
described herein. 

[0018] As illustrated, the ?ash ADC 22 has (22—=1=) 
seven comparators 36, each input by any signal at the AGC 
20. The seven comparators also receive one of seven refer 
ence voltages from the ADC level control 30 via a DAC 38. 

[0019] The equaliser 24 may be a maXimum likelihood 
sequence estimating (MLSE) equaliser. As is understood by 
those skilled in the art, an MLSE equaliser has a Viterbi 
Decoder 40 as a symbol decoder and a channel estimation 
block 42. The channel estimation block has a look-up table 
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46. In accordance With this invention, the channel estimation 
block also has a Weight update block 44. The Weight update 
block 44 is a processing block; therefore, the Weight update 
block may be, for example, a processor or a ?eld program 
mable gate array (FPGA). 

[0020] The Viterbi Decoder 40 receives the output from 
the ADC 22 and in turn outputs to the FEC 26 and to the 
Weight update block 44. In one embodiment (described 
hereinafter), the Weight update block 44 receives the output 
of the Viterbi Decoder. The Weight update block also 
receives the output from the ADC 22 and the FEC 26. The 
Weight update block outputs to the look-up table 46. The 
look-up table 46 outputs to the Viterbi Decoder 40 and to the 
DAC Level Controller 30. For reasons Which Will become 
apparent, the channel estimation block 42 can act as an 
adjuster for the reference voltages of the ADC. 

[0021] While any signal sample is supposed to represent 
only a single bit, in fact, due to temporal spreading, there 
Will be inter symbol interference (ISI). The consequence of 
ISI is that the state (0 or 1) of the bits preceding and 
folloWing the bit represented by the sample Will affect the 
voltage level of the current bit. In essence, some of the 
poWer in preceding and folloWing bits spreads into to the 
current bit, changing its voltage level. For this reason, it is 
common for an MLSE equaliser to operate on three bit 
sequences (i.e., it is assumed that the ISI results from the bit 
before and the bit after the current bit). Therefore, in the 
folloWing example, a three bit sequence is used to adjust for 
ISI. 

[0022] In a ?rst embodiment, the look up table 46 may 
store a plurality of possible channel impulse response mod 
els, one of Which is designated as the initial impulse 
response model. The Weight update block 44 may determine 
from the initial channel model the probability density func 
tions (pdf’s) for each of the eight possible three sequence 
combinations (from 000 to 111). The look up table also 
stores an initial set of voltage slicing levels Which may be 
loaded into block 44. Block 44 then determines a probability 
for each of the possible three sequence combinations at each 
of the voltage slicing levels. The probability chosen for a 
sequence at a given voltage slicing level may be the maxi 
mum probability for that sequence in the range betWeen the 
given voltage slicing level and the next higher voltage 
slicing level. Alternatively, it could be the average probabil 
ity in that range. Since there are eight voltage slicing levels 
and eight three bit sequences, this Will result in sixty-four 
probability values (Weights) Which are loaded into the 8x8 
look-up table 44. 

[0023] FIG. 2 is a graph of the eight pdf’s that might have 
been generated from the channel model. As is understood, 
each pdf indicates the probability, Py, that, given the voltage, 
yk, of any received signal sample, that voltage is indicative 
of a given three bit series of bits. As shoWn in FIG. 2, the 
pdf’s are presented as the square root of the voltage against 
the log of the probability a given voltage represents a given 
bit sequence. 

[0024] Assuming that the eight voltage slicing levels are 
0.0; 0.2; 0.4; 0.6; 0.8; 1.0; 1.2; and 1.4, a table 46 illustrated 
in FIG. 3 may be generated from the graph of FIG. 2. Each 
cell in the table has a probability Weight, this probability 
Weight being the log of the probability value at a given 
slicing level for a given bit sequence. 
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[0025] In a manner Well understood by those skilled in the 
art, the Viterbi decoder 40, input With the voltage slicing 
level of each sample, stores a pre-set number of consecutive 
(voltage) samples in a buffer. The decoder also has a matrix 
having eight roWs, one for each of the eight possible three 
bit sequences, and one column for each storage location in 
the buffer. 

[0026] Say, for example, the buffer is seven samples long 
(actual buffers are likely to be much longer). Thus, the 
matrix in the decoder Will be an 8x7 matrix, as illustrated in 
FIG. 4. Next assume that the voltage levels of the ?rst four 
consecutive samples are received into the buffer (and that the 
voltage level of earlier samples is assumed to be 0). With 
these assumptions, FIG. 4 illustrates all possible paths 
through the matrix. These paths form What is knoWn as a 
trellis. 

[0027] If the voltage levels of these ?rst four samples are 
0.2; 0.8; 0.6; and 0.8, With this (and the fact that earlier 
voltages are assumed to be Zero), the decoder can load 
appropriate probabilities from the table 46 into the matrix. 
More speci?cally, the ?rst three columns of the matrix are 
loaded With the eight probabilities assigned to the eight 
possible three bit sequences Where the sample voltage is the 
Zero slicing voltage. From FIG. 3 this is seen to be 100-3, 
100-7, . . . The next column is loaded With the eight 

probabilities for a 0.2 voltage slicing level, and so on. The 
result is illustrated in FIG. 5 (Where, for ease of illustration, 
a short-hand notation has been used such that, for example, 
10-3 is rendered as —3 and 6*10A—2 is rendered as 6-2). 

[0028] The decoder then adds up the probabilities for each 
path through the trellis and the highest probability path is 
chosen. This results in an assumed bit sequence in the buffer. 
The decoder then outputs one bit, that being the bit repre 
sented by the oldest (?rst) voltage sample in the buffer. All 
samples are then shifted one position in the buffer so that the 
oldest sample is discarded from one end of the buffer and a 
neW sample is received in the other end of the buffer. The 
probability values for the decoder matrix are then updated 
from the table, the most likely path chosen, and one bit is 
output. This process then repeats. 

[0029] Some of the bits in the decoded (i.e., recovered) 
sequence may be error correction bits. These may be used by 
the FEC to correct errors. 

[0030] Errors noted by the FEC block may be fed back to 
the Weight update block 44. If the bit error ratio (BER) rises 
above an acceptable standard, the Weight update block may 
tune a selected channel model parameter by selecting a 
slightly different channel model from the look up table to 
designate as an updated channel model. This updated chan 
nel model may assume, for example, a slightly different 
chromatics dispersion, polariZation mode dispersion, modal 
dispersion, or Kerr effect. Pdf’s generated from the updated 
channel model are then used to update the probability values 
stored in the look-up table 46. The neW set of probability 
values varies the decisions made by the Viterbi decoder as 
to the maximum likelihood three bit sequences. This, in turn, 
affects the BER. If the BER goes doWn, the Weight update 
block may further tune the selected channel model param 
eter. If the BER goes up, the Weight update block may return 
the magnitude of the selected parameter to that of its 
preceding value by returning to a previous channel model. In 
this Way, the BER may be minimiZed With respect to the 
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selected parameter. If, notwithstanding, the BER remains 
too high, the Weight update block may repeat the process for 
a further channel model parameter, and so on. In this Way, 
the channel model may be blindly adapted, as the distortion 
on the channel changes With time. 

[0031] An alternate embodiment may not employ FEC 26 
in updating the channel model. In such instance, While the 
channel is operating, a given short sequence—say eight bits 
long—Which is decoded from a sequence of input voltages 
is assumed to be free of errors. This is a reasonable assump 
tion for a short sequence given the relatively loW BER 
expected in a Working channel. The Weight update block 44 
may take the decoded eight bit sequence output from the 
Viterbi decoder 40 and pass it through the current channel 
model in reverse direction. More speci?cally, using the 
probability density functions of the current channel model, 
each of the six different three bit sequences in the eight bit 
output sequence is assumed to have resulted from an input 
voltage corresponding to the maximum probability of that 
three bit sequence. The resulting (six) regenerated input 
voltages are then compared With the corresponding actual 
received input voltages. If there is a sufficiently strong 
correlation, the current channel model is assumed to be 
correct. If, hoWever, the correlation is not suf?ciently strong, 
the output sequence is passed through other channel models 
in reverse direction. If one of these other channel models 
provides a stronger correlation, that channel model is sub 
stituted as the current channel model. 

[0032] As illustrated in FIG. 6, in knoWn arrangements, 
the reference voltages to the comparators of the ?ash ADC 
are ?xed at equal increments. A draWback With this it that 
these increments may not alloW discrimination betWeen 
pdf’s that are closely valued over the range of voltages 
represented by a voltage level. For example, With reference 
to FIG. 6, if the square root of an actual analogue voltage 
Were 0.95, this Would be represented as a level 5 voltage, 
With a nominal square root value of 0.85. At 0.85, the 
maximum likelihood sequence is 011. HoWever, at 0.95, the 
maximum likelihood sequence is 110. Thus, the digitisation 
of the sample voltage may introduce errors. Even though 
these errors do not result from channel distortion, it may be 
possible to reduce these errors by adjusting the channel 
model (and thereby changing the pdf’s). But even With such 
adjustments, errors resulting from the digitisation of the 
sample voltage Will remain. 

[0033] The subject invention may reduce these errors by 
adjusting the reference voltages dependent upon the channel 
model. More particularly, the Weight update block 44 is 
input With the voltage level for each sample. With this 
information and the errors reported by the FEC, the Weight 
update block can determine Whether errors at a given voltage 
level are over represented. In other Words, the error rate at 
a given voltage level may be determined to exceed a 
pre-de?ned threshold. In such instance, the Weight update 
block may change the voltage slicing levels and send the 
neW levels to the table 46. This Will result in the table being 
updated With the neW voltage slicing levels for use by the 
Viterbi decoder and in the table sending a control signal to 
the ADC level controller 30 With the neW levels. 

[0034] For example, With reference to FIG. 6, it Will be 
noted that the exemplary pdf’s for each of 100, 101, 010 and 
011 all cross in the vicinity of a square root of the voltage 
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of 0.65. Thus, sample voltages resolved to level 3 or level 4 
voltages Will introduce errors. Receiving indications of these 
errors at these levels, the Weight update block may reduce 
the voltage bands covered by both level 3 and level 4 
voltages. These bands may be reduced incrementally, With 
the bands continuing to reduce as long as reductions 
decrease the errors at these voltage levels. The result may be 
as illustrated in FIG. 7 With the level 3 voltage covering a 
very narroW band, and the level 4 voltage covering a 
someWhat narroWed band. 

[0035] The adaptations are dynamic. Thus, if the charac 
teristics of the channel change, the Weight update block Will 
update the channel model and the reference voltages in order 
to reduce errors. 

[0036] In one approach, the Weight update block may ?rst 
attempt to minimiZe the BER by updating the channel model 
and then, once the channel model has been optimiZed, adapt 
the voltage slicing levels to further reduce the BER (at 
certain voltage slicing levels). This process may then be 
repeated periodically. In an alternate embodiment, Whenever 
the Weight update block 44 updates the channel model, from 
the resulting pdf’s, it may calculate a set of voltage slicing 
levels Which Will minimiZe the BER at each voltage slicing 
level. This is done by, for example, reducing the step 
betWeen voltage slicing levels suf?ciently to maximiZe the 
discrimination betWeen tWo or more pdf’s that are closely 
valued betWeen the slicing levels. In a further embodiment 
Which Will more quickly update the slicing level, knoWn test 
sequences may be received and BER statistics may be 
collected on these knoWn sequences. More speci?cally, the 
BER may be collected for each of the sequences from 000 
to 111 and these statistics used to update the slicing levels. 
In this embodiment, the FEC is not used to determine the 
BERs, but instead the Weight update model determines 
these, knoWing the test sequences and the corresponding 
decoded sequences. 

[0037] In another embodiment, the channel model may be 
static (i.e., the assumed pdf curves may be ?xed), but the 
BER may nevertheless be reduced by adjusting the reference 
voltage levels of the ADC, as aforedescribed. 

[0038] While the look up table has been described as 
storing a plurality of channel models, it could alternatively 
simply store the pdf’s that result from each channel model, 
thereby obviating the need for the Weight update block to 
calculate these. 

[0039] While the Weight update block has been described 
as making adjustments based on the BER, equally, it could 
make adjustments based on any other parameter Which 
indicates link quality. 

[0040] In another embodiment, the look up table does not 
store channel models; instead, the Weight update block 
stores an initial channel impulse response model. In this 
embodiment, the Weight update block receives the output 
from the Viterbi decoder. This output is passed through the 
channel model and the result compared With the original 
input to the Viterbi decoder (Which is also stored in the 
Weight update block). If there is a good match, the channel 
model is assumed to be correct. This may be assessed by 
calculating the mean squared error for a number of blindly 
adapted channel impulse response models that are similar to 
the current channel model. If one of these blindly adapted 
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models provides a lower mean squared error, it is chosen as 
the updated channel model. The updated channel model is 
used to calculate pdf’s in order to update the matrix (of FIG. 
3) in the look up table 46. This process repeats as neW output 
is received from the Viterbi decoder. The voltage slicing 
levels may be adapted as before described. 

[0041] While the MLSE equaliser 24 has been described 
as decoding sequences of three bits, obviously sequences of 
a different number of bits, such as ?ve bits, could be 
decoded. A?ve bit sequence Would account for ISI not only 
for the bits immediately preceding and folloWing a given bit, 
but also for the bit preceding the preceding bit and the bit 
folloWing the folloWing bit. While the channel 14 has been 
described as carrying an encoded bit stream to be decoded, 
more generally, the channel may carry an encoded symbol 
stream to be decoded. 

[0042] While the equaliser 24 has been described as an 
MLSE equaliser, the equaliser may be any equaliser Which 
can determine that the BER associated With certain voltage 
slicing levels is unacceptably high and can adjust such 
voltage slicing levels in an effort to reduce the BER asso 
ciated With such voltage slicing levels. Thus, for eXample, 
the equaliser could be a Feed ForWard Equaliser (FFE), a 
Decision Feedback Equaliser (DFE), a Fractionally Spaced 
Equaliser, or a combined FFE/DFE. 

[0043] Other modi?cations Will be apparent to those 
skilled in the art and, therefore, the invention is de?ned in 
the claims. 

1. (canceled) 
2. The receiver of claim 8 Wherein said symbol decoder is 

a viterbi decoder: 
3. The receiver of claim 8 Wherein said link quality 

indications indicate link quality at a voltage slicing level of 
said ADC and said reference voltage adjuster adjusts a 
reference voltage level associated With said voltage slicing 
level When said link quality indications do not meet a 
threshold quality level. 

4. The receiver of claim 8 Wherein said loin quality 
indicator is an error detector. 

5. The receiver of claim 4 Wherein said reference voltage 
adjuster operates to adjust a given reference voltage When a 
rate of errors at a voltage slicing level of said ADC associ 
ated With said given reference voltage level eXceeds a 
threshold. 

6. The receiver of claim 4 Wherein said error detector is 
a forWard error corrector (FEC) having an output Which 
inputs into said reference voltage adjuster. 

7. The receiver of claim 4 Wherein said error detector 
comprises a portion of said reference voltage adjuster. 

8. A receiver comprising: 

a ?ash analog to digital converter (ADC): 

a symbol decoder, Which receives input from said ADC 
and operates on groups of bits of a ?Xed bit length, each 
group of bits comprising a target bit and bits adjacent 
in time to said target bit, said bits adjacent in time to 
said target bit being assumed to affect a voltage of said 
target bit before decoding due to inter-symbol interfer 
ence; 

a link quality indicator, Which receives input from said 
symbol decoder and generates link quality indications 
therefrom; and 
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reference voltage adjuster Which receives input from said 
ADC and the link quality indications from the link 
quality indicator and responsive thereto outputs to a 
control input to said ADC for selectively adjusting one 
or more reference voltages of said ADC. 

9. The receiver of claim 8 Wherein said reference voltage 
adjuster determines probability information comprising a 
probability of occurrence for all possible groups of bits of 
said ?Xed bit length for each of said reference voltages and 
Wherein said probability information is output to said sym 
bol decoder. 

10. The receiver of claim 9 Wherein said reference voltage 
adjuster holds a current channel impulse response model and 
said probability information is derived from said current 
channel impulse response model. 

11. The receiver of claim 10 Wherein said reference 
voltage adjuster updates said model, or selects a different 
model, responsive to indications from said link quality 
indicator. 

12. A receiver comprising: 

a ?ash analog to digital converter (ADC); 

decoding means responsive to said ADC to decode sym 
bols, said decoding means operating on groups of bits 
of a ?Xed bit length, each group of bits comprising a 
target bit and bits adjacent in time to said target bit, said 
bits adjacent in time to said target bit being assumed to 
affect a voltage of said target bit before decoding due 
to inter-symbol interference; 

link quality detecting means responsive to said decoding 
means to detect symbol decoding errors; and 

a channel estimation block responsive to said ADC and 
said symbol decoding errors for adjusting reference 
voltages of said ADC. 

13. (canceled) 
14. (canceled) 
15. (canceled) 
16. In a receiver utilising a ?ash analog to digital con 

verter (ADC), a method of improving link quality compris 
mg: 

adjusting a reference voltage for a voltage slicing level of 
said ADC When a decoding error rate at said voltage 
slicing level eXceeds said threshold, Wherein 

decoding symbols on said link and determining said 
decoding error rate at said voltage slicing level, said 
decoding comprising operating on groups of bits of a 
?Xed bit length, each group of bits comprising a target 
bit and bits adjacent in time to said target bit, said bits 
adjacent in time to said target bit being assumed to 
affect a voltage of said target bit before decoding due 
to inter-symbol interference. 

17. The method of claim 16 Wherein said determining said 
decoding error rate at said voltage slicing level utiliZes error 
correction bits in a received bit stream. 

18. The method of claim 16 Wherein said determining said 
decoding error rate at said voltage slicing level comprises 
receiving knoWn test sequences and comparing said test 
sequences With corresponding decoded sequences. 

19. The method of claim 16 further comprising deriving 
probability information from an assumed channel impulse 
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response model, said probability information comprising a 20. The method of claim 19 Wherein said probability 
probability of occurrence for all possible groups of bits of information is used to decode said symbols. 
said ?xed bit length at each said voltage slicing level of said 
ADC~ * * * * * 


