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Realization of the SPS Detection Algorithm
on a Parallel VLSI Architecture
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Toronto, Ontario, Canada M5S 1A4

Abstract — Recently, the simplified parallel symbol (SPS) detection algorithimn, which is an efficient
approach to implement the fixed-delay symbol-by-symbol detection on ISI channels, has been
developed. In this paper, the realization of this aigorithm suitable for a fully paraliel VLSI architec-
ture is studied and the corresponding area/data-rate tradeoff is presented.

SUMMARY

. The fixed-delay optimal symbol-by-symbol detection algorithm, as developed by Abend and
Fritchman [1], is of interest by virtue of the fact that an important performance criterion in most commun-
ication systems is the symbol error probability. Through simplification of this algorithm and exploitation
of its parallelism, a simplified parallel symbol (SPS) detection algorithm was derived (2,3]. A depen-
dence graph (DG), which shows the flow of computations in time, was derived for the SPS detector. This
can be restructured as shown in Figure 1 for a binary alphabet with the delay constraint D =2. In this
representation, the breadth of the DG includes 22 nodes (states). The result is similar in structure to the
Viterbi trellis. Thus, we are motivated by the possibility of implementing the SPS detector using known
architectures {4] for Viterbi algorithm (VA, which is an efficient method of impiementing maximum likel-
ihood sequence estimation). As in {5], let the received sequence v, be given by
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where {/;} is a sequence of information symbols (binary alphabet is considered in here), L is the length
of the channel dispersion, {fo. . ...f.} is a set of discrete channel coefficients, and {n,} are independent -
identically distributed Gaussian random variables with zero mean and variance No /2. The algorithm es-
timates /,_p given the observed received sequence vy, v,, *°*, Vv, Where the delay constraint D 2 L.
- The recursive equations, derived in (2] but based on the DG of Figure 1, are now given by

y¥ = min(xf, ) +oF w3 i=0,1, --- ,N-1; k>D+1 (2a)
- D+1
P = ¥ uf, i=0,1,---,2N-1 (2b)
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where N=2°. In (2), ¢¥;=—No (1 +e %! 2¥) and is tabulated explicitly as a function of
8¢; =x* ~x. Since the delay constraint is given to be D, a decision /;_p on the information symbol /s p
can be made based on the received sample v;. As discussed in {2), a near-optimal procedure requires
choosing the two minimum values among {x§,xf, - ,xk_1 ), denoted by x%, and xi, and the two
minimum values among {xk, X541, < < -+ ¥in-1 ) » denoted by x5y and xf;. Then,

foo = arg {min] min(aby, by )+ ¥h10a  minCh )+ ¢ ) ®
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In the computation of the recursion defined by (2), the following term, which we will refer to as
the branch metric (as in VA), is to be evaluated.

uf = (‘wk—c‘-)2 = V%+C,3*~2C,‘Vg “@)
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where C; = ¥, fi-j{; and the values of {It—t di-£+1» * = +1x } correspond 1o the states Lir2] at time
i=0

i

%—-1and (i mod N} at time k. The energy term v} is independent of the state and can be ignored. Then,
substituting for C; and using an approach similar to that in {6] the new branch metrics may be obtained as
follows.
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where 7. = fy-aJiuj (the discrete representation of the channel autocorrelation coefficients) and
2% = vy fi; (the sample output of a filter matched to the discrete channel).

The first term on the right-hand side of (5) does not depend on v and can be precomputed. For a
binary alphabet, the {/;} in the second term take on the values +1 and, consequently, no multiplication is
required in the computation of branch metrics.

The recursive expressions given by (2) (and represented by Figure 1 for D = 2) involve a series of
add-compare-select (ACS) operations on intermediate data values. The Viterbi detector has a trellis simi-
lar in topology to Figure 1 and it (too) involves ACS operations. Thus, as mentioned earlier, one is
motivated to explore the possibility of implementing the SPS detector using known VLSI architectures
for the VA. In order to illustrate the similarities that can be exploited in this regard, we restrict attention
to a parallel implementation as provided by a shuffie-exchange embedding. However, we should also
note the main differences between the two algorithms:

(i) The SPS detection algorithm requires an additive integer constant obtained from a small look-up
table following each ACS operation.

(ii) For a channel dispersion of length L and a binary alphabet, the VA requires 2L states or path
metrics. In contrast, 2°%PL) grates are required for the SPS detector with a delay constraint of D.
Note, however, that the number of branch metrics that need to be computed, at each stage, is 2L+ for
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both detectors.
(iii) The storage of 2L survivor sequences is required in VA. Survivor sequences are not required in
the SPS detection algorithm.

The output generation (symbol estimation) is given by (3). A suboptimal SPS detector may be
obtained by just using the minimum value from one set (comresponding to either f;_p =—1 or [y.p =1)
and an arbitrary value from the same set to perform the look-up operation. In this case we only need to
find the minimum value of (x§, xf, - - -, xk—; } and the minimum value of {xf, xksy, * -, xhv-1 }. The
problem becomes how to efficiently (minimum steps and minimum wiring 1o route the operands) com-
pare N different values to find the minimum. If a shuffie exchange graph is used to layout the SPS struc-
ture, several methods can be used for output generation. One method is to find the minimum of the indi-
vidual necklaces [7] of the shuffle exchange layout first, then proceed to find the minimum of these neck-
laces to get the final result. For an N node shuffie exchange graph, there are N/D number of necklaces
and, at most, D nodes in each necklace. To compare values in a necklace, D steps are required. (It takes
D steps to pass a value around a necklace with D nodes.) No extra comparators are needed for this step as
the comparator used for the compare/select operation can be used again but with different inputs. A sim-
ple muitiplexer will be needed to route the corresponding inputs for each part of the algorithtm. To com-
pare the minimum from all necklaces, an additional log (N/D) steps is needed. To select the minimum
amongst the N /D necklaces, (N/D ) -1 comparators are needed. The time complexity of this method
grows as O [Dlog (V/D)] which is equal to O [(logN Y’ ~{loghi)log (logN))].

A time optimal method of finding the minimum of & set of N numbers is to use a2 comparison tree.
The time complexity grows as O (logN). If a shuffle-exchange graph is used to layout the SPS detector, a
comparison tree structure can also be implemented using the same connections. The same comparators
used in the recursion can be used but with different inputs. Another method which seems to arise natural-
ly from the shuffle exchange implementation is the bitonic search. A bitonic search network can be im-
plemenied efficiently using a shuffle exchange graph. It involves a series of shuffle operations and
compare-exchange operations. For an N node (a sequence of N different values) shuffle exchange graph,
the bitonic search can be used to sort the N different values into an ascending order sequence. No extra
comparator is needed although some simple control circuits (mainly multiplexers) are needed to control
the broadcast of signals. The complexity grows as O (log? N). This grows more rapidly than the previ-
ous necklace-comparison method. For the extra price we pay in the time complexity, we get the added
benefit that the whole sequence will be sorted at the end. This is useful when we want to implement (3)
and hence the near-optimal SPS detection algorithm. Table 1 summarizes the complexity of the above
methods.

The SPS detection algorithm may therefore be realized on fully-parallel VLSI architecture using
simple operations of addition, comparison, and table look-up. The branch metrics may be computed using
(5). The parallel array structure may be implemented, based on the DG of Figure 1, using known VLSI ar-
chitectures for VA (considering the differences discussed above). Finally, output generation may be per-
formed using one of the search methods summarized in Table 1.
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Figure 1. New DG for SPS detector after regrouping (D=2).
(C/3 & T/A = compare/select + table look-up and add)

TABLE 1 Output Generation

Method Time Complexity A Area Increased
Comparison Tree O (logN) o)
Necklace O [(logN)Y*—(logN)(log (logN))] | - ONID)
Bitonic Search O [(logN)*] 0o(1)




