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Abstract

The FERMI [3,4,5] is a data acquisition system for calorimetry experiments in high energy
physics at the LHC, CERN. The system contains a large number of acquisition channels, with a
precision of 16 bits and a sampling rate of 40 MHz. 4 large part of the information driven by
the channels is processed locally, to reduce the amount of data. This requires to cluster several
channels by adding them. The paper presents the design of a fast, low cost adder chip, based on
the implementation of column compression techniques [2,7,8] for the computation of integer
addition. Since the system is operating in a radiation-hard environment [6,10), fault tolerance
(namely fault detection) is implemented by means of arithmetic codes [1,9].

1. Introduction

The FERMI [3,4,5] is a data acquisition system for calorimetry experiments in high energy
collision experiments planned at the Large Hadron Collider (LHC) of CERN (Geneva,
Switzerland) in the future. The transmission and elaboration of information in the system is
done by means of VLS| technologies. The waveforms generated by the sensors placed inside the
calorimeter are immediately digitized by ADC’s; the following segments of the acquisition
channels are completely digital. The samples are integer numbers, represented in two’s
complement. The system contains a high number of acquisition channels for integer data, from
about 10° channels for the largest experiments down to some hundreds for the smallest ones,
with a precision of 16 bits and a sampling rate of 40 MHz. All the information supplied by the
channels is preprocessed locally, to reduce drastically the amount of data; several reduction
stages are present. At every reduction stage a trigger may be generated, to indicate the presence
of significant events. Processing is then completed remotely, but only on triggered data. Since
most neighbouring channels are highly correlated, the reduction process consists mainly in
clustering several channels into a single data flow; this is accomplished by adding the channels.
From physical considerations, it proves that clustering should be performed for groups of 9
channels. Therefore a large number of VLS| adder devices are integrated in the system. Such
adder devices should operate at the same clock frequency as the acquisition channels (40 Mhz),
should be made as small as possible, since they will be eventually mounted together with other
components of FERMI onto a silicon substrate by means of a flip-chip technology, and should
posses fault detection and/or fault tolerance capabilities [1,9,10] since the operating
environment of most components of FERMI is radiation-hard [6].

An “Adder Chip” has already been designed and fabricated as a single chip (version |, [3,5]),
and is currently being used for testing purposes. However, this adder chip is implemented by
means of traditional techniques, and has the structure of a tree of fast (lookahead) adders. This
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implies that its cost, measured in terms of silicon area, is considerable. Moreover, it has neither
fault detection nor fault tolerance capabilities. The summands and the sum are two’s
complement integer numbers. The adder chip has 9 inputs of 16 bits and produces their sum as
a single output of 16 bits, plus an overflow signal.

In this paper the Adder Chip is completely redesigned (version Il), by extensively using
column compression techniques [2,8] for the computation of addition. Such techniques are
normally used for parallel multiplication [7], and require some adaptation to work with
addition, especially because the treatment of sign is different.

The paper is organized as follows. Section 1 summarizes briefly Adder Chip version |
Section 2 presents the architecture of Adder Chip version Il. Section 3 shows how to implement
efficiently fault detection in the Adder Chip. Section 4 presents a comparison between Adder
Chip versions | and 1.

2. The Adder Chip version |

The Adder Chip version | has been designed by a grouping on a single chip some preexisting
functional blocks, that had been previously implemented and verified on different chips. Figure
1 shows a block schematic of the chip. In particular:

e The addition tree is formed at the first level by three blocks that add together three channels
(that had been previously implemented in the “Channel Chip” of the FERMI, version |,
[3.4,5]). Each block outputs the partial sum of a group of three channels, for a total of three
partial sums, and produces the overflow detection signal of the sum of three channels, for a
total of three partial overflow signals.

o 'The addition tree is formed at the second level by a functional block that adds together the
three sums computed in the first level of the tree. It outputs the total sum of the nine
channels, and produces the overflow detection signal of this sum.

e The four partial overflow signals, generated at the various levels, are put together by an OR
gate, to generate a single global overflow signal.

e The addition tree is pipelined, by introducing pipeline registers in the appropriate points, to
shorten the propagation delays (at the price of some clock cycles latency).

However, it may not be an optimal solution to group onto a single chip functional blocks that
were previously implemented onto different chips. The presence of 2_{o_1 adders inside the
addition tree, at the junction between the first and the second level of the tree, is contradictory,
as in the second level of the tree the addition process goes on again by using 3_to_2 adders. it
is known that 2_to_1 adders are much larger and/or slower than 3_to_2 adders and that the
only real need to perform a 2_to_1 addition is at the end of the summation process. The
computation of three partial overflow signals as early as in the first level of the addition tree is
unuseful if not disadvantageous, as they are soon after ORed together. Such partial overflow
signals would allow to locate the position of the overflow event in the three groups of the nine
channels, but this location information is actually not used by the adder chip, for in case of
overflow the sum is unusable and, in any case, the nine inputs are also stored individually in
other parts of the FERMI system.

Therefore is advisable to redesign the addition tree of the Adder Chip, eliminating or
reducing the above defects. In the following we show an optimized solution. Such optimization
should provide the following improvements:

o Silicon area reduction, due to the replacement of 2_to_1 by 3_to_2 adders.
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Time speed up, due to the elimination of 2_to_1 adders. In fact:
a 2_to_1 adder must be designed either as a ripple or as a carry lookahead architecture;
if designed as ripple carry, it is far slower than a 3_to_2 adder, because it contains a carry
propagation chain;

o if designed as carry lookahead, it certainly consumes a silicon area larger than that of a
3_to_2 adder, due to the presence of the lookahead circuit, and thus in any case it is slower
than a 3_to_2 adder.
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Figure 1: Structure of the Adder Chip version |.

The above requirements suggest to redesign the Adder Chip by using the well known column
compression (CC) technique for the computation of binary addition [7,8]. This technique has
been widely adopted in the past for the design of parallel multipliers. Applications to addition
are less common and require a different way to deal with the sign, because the disposition of the
bits in an addition matrix of bits is fairly different from that of the bits in a partial product
matrix of bits deriving from a multiplication.

3. The Adder Chip version I

We report extensively the functional requirements for the Adder Chip version II:

e The chip has 9 inputs of 16 bits and one output of 18 bits, plus the overflow.
The inputs are two’s complement integers.

o The output is a two’s complement integer.

o The input and output range interval is [—215, 25— 11

o The overflow is generated if and only if the sum of the nine inputs exceeds the output range,
i.e. it requires over 16 bits to be correctly represented as a two’s complement integer
number.

e The correct result requires 16 + [_k:Jg2 9.] = 16 + 4 = 20 bits to be represented correctly,

and is actually computed completely.
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e Only the 16 least significant bits of the real value over 20 bits of the sum are retained, i.e.
the two’s complement integer number output by the circuit is actually meaningless whenever
an overflow occurs.

The architecture of the Adder Chip version 1 is designed according to the colurnn compression
technique. The nine rows of bits representing the inputs are grouped together to form a
rectangular matrix, which is then reduced by applying carry save addition in stages. Figures 2a
and 2b show the reduction process and the partitioning into stages. The shaded areas put into
evidence the grouping of the rows for the addition, and the dash traits show the propagation of
the carries. In the last row the conditions for the detection of overflow are sketched. Figures 2a
and 2b refer to the addition of 9 two’s complement integers of 6 bits, but the example can be
easily generalized to integers of 16 bits, without substantial modifications.

The symbol ° represents a generic bit of positive weight. The symbol e represents a generic
bit of negative weight; in the tables above it is always used as the sign bit (the most significant
one) of two’s complement integer numbers. The symbol “of’ represents the overflow of the
two’s complement integer sum Q of the two two’s complement integer numbers & and #; it is
not part of Q. The symbol @— e represents a sign extension: the sign bit e is extended one
position to the left, i.e. towards the consecutive most significant position. The extended sign bit
is simply a duplication of the original sign bit. The extended bit has a negative weight, so it is
the new sign bit, whereas the original sign bit looses its original negative weight and acquires a
positive weight.

The summands have 16 bits and the sum is truncated to 16 bits. The circuit computes all the
20 bits of the real value of the sum. Since the sum is represented in two’s complement integer
notation, to be truncated to 16 bits without overflow it would be necessary that the five most
significant bits of the real value of the sum were a sign extension, i.e. they were either all 1 or
all 0. Then it would be possible to eliminate the four most significant ones, just leaving the fifth
bit (which is the 16-th one) as the sign bit of the sum truncated to 16 bits.

Actually the circuit shown in Figure 3 uses a slightly more complex overflow detection
circuit, to avoid a defect of the very simple and natural overflow detection condition above
discussed: the fact that it would require that the last summation in the addition tree (the
summation performed by the 2_to_1 adder) be of 17 bits, which would make the structure of
the addition tree irregular (see Figure 3). So the function detecting the overflow is different and
is explained in the following. ’

The symbol s; indicates a bit of weight i, i.e. the weighted value of s, is £ 5; 2/, where i > 0.
The bit 5; may have a negative weight or not, depending on whether it is a sign bit or not. The
sequence sqs...5g indicates the bits of a two’s complement integer number represented over 16
bits, where 545 is the most significant bit (also called sign bit) and sq is the least significant one.

14
The interpretation of a two’s complement integer number is sys...50 = —8152"°+ Y.5,2'. The
i

sequence sq5515...5¢ (and similarly for s4g546...52 and $17817...83) indicates a two’s complement
integer number represented over 16 bits, formed by the 15 bits sy5...51 sign extended by
duplicating the sign bit 545 in the most significant position. It represents the two’s complement
sign extension to 16 bits of the 15 bits two’s complement integer number s45...54.
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Figure 2a: Upper four stages of the CC addition process.
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The symbol sg (and similarly 51 and s) indicates the least significant bit of a two’s complement
integer number sy5...5p represented over 16 bits. The white shaded adders are parallel
compressors from 3 to 2: they are inexpensive and fast. The signal Q is the two’s complement
overflow [8] of the addition of two summands of 16 bits, in two’s complement integer
representation, performed at the end of the addition tree by the 2_to_1 adder. The gray shaded
block is either a carry propagation (ripple) adder or a carry lookahead adder: it is slow or
expensive, respectively (but it is the only one of such type and its presence is unavoidable).
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The comparator checks the bits 545 515 517 and sqg: if they differ then an overflow occurs.
Remember in fact that the bit s45 will become the sign bit of the result of 16 bits output by the
addition tree. So the function of the comparator is to check whether the four bits s45 $4¢ 547 and
sqg are either all © or all 1. In few words, the output “diff” of the comparator must assume the
logical value 1 if and only if either 545 545 517 51§ =0 0 0 O or 545 515 597 515 =1 1 1 1. In all
other situations the output “diff” of the comparator must assume the logical value O.

To compute the global overflow, the following reasoning is made, using the summation table
shown in Figures 2a and 2b. The table refers to two’s complement integer numbers of 6 bits,
instead of 16, but the example is easily generalizable. Let us call SUM the complete value of
the summation of the 9 channels of 6 bits, represented in two’s complement. The value SUM

requires 6 + I—Iog2 9—| =6 + 4 = 10 bits to be always correctly represented in two’s

complement. From the table above it shows that the computation of SUM is eventually reduced
to the summation of two integers of 9 bits, called & and %, i.e. SUM = & + %, Such two
integers are always correctly represented in two’s complement over 9 bits. If the summation of
& and ¥ overflows over 9 bits, i.e. it should require 10 bits for a correct representation in two’s
complement, then obviously the summation of & and ¥ overflows over 6 bits, too, i.e. the value
SUM overflows over 6 bits, else the summation of & and ¥ is correctly representable as an
integer of 9 bits, i.e. the value SUM is correctly representable as an integer of 9 bits. Now, if
the value SUM is a correct integer of 9 bits, for it to be representable as an integer of 6 bits the
four most significant bits need be a sign extension, i.e. they must be either all O or all 1.
Therefore, the global overflow is computable by ORing the overflow signal of the addition & +
v with a signal that is activated if and only if the four most significant bits of the 9 bit
summation of & and ¥ are neither all O nor all 1. To generalize, just replace the integers of 6
bits with integers of 18 bits, so that SUM requires 20 bits and & and # are integers of 19 bits.

4, Fault tolerance

Most of the other arithmetic parts of FERMI have fault detection capabilities, but no error
correction or fault masking. Therefore it is advisable to iniroduce fault detection also in the
Adder Chip version Il [1]. This can be done by using the residue code [1,7,8], in the base 3.
Figure 4 shows the implementation of such a code.

The significant architectural problem to be solved is to design a circuit capable of computing
the reminder of the integer division by 3 of signed integers of 16 bits. We recall that if N is a
signed integer (dividend) and D is a non-null natural number (divisor), then integer division is
defined as follows:

N=QxD+R with 0<R <D

where the quotient Q and the reminder R are integers as well. Thus for instance 4 =1 x 3 + 1,
but —4 = -2 x 3 + 2, because the reminder cannot be negative. It is then easy to see that two’s
complement integers of 16 bits can be decomposed as follows:

14
S = value of the two’s complement bit sequence S5...8g = ~g152"° + 3.2
e

Smod3  =(-5152"0 + 842" + 852" +.. .+ 8,22 18,2 + 55) mod 3=
= (815 + Sq4+ 5132 + Sq2 + S442 +...+ 532 + Sp + $42 + Sg) mod 3 =
= ((515 +S14+82+...+82+ So) + 2(513 + 844 +...+ 83+ 51)) mod 3
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The last member of this equality says that by putting the bits of S alternatively in two columns
(with the only exception of the sign bit 5¢5), and then by computing the sum (possibly repeating
this procedure if a result of more than two bits ts obtained), the reminder is obtained. Note that
sign bits disappear, so that all bits have a positive weight. Figure 5 shows the procedure, which
is a “folding” of even and odd weighted bits of the operand S.

16 %9 NOMINAL ADDER 16
- (Adder Chip) — T g
i 16 £ :
¥ 16 x9 redundant logic MOD 3
2
2 error?
MOD 3 ADDER = ,

Figure 4: Implementation in the Adder Chip of the residue code in the base 3.

The residue in the base 3 should be represented over 2 bits. As a matter of fact, the reminder
obtained in Figure 5 is still represented in redundant form over 8 bits, but is easily reducible by
applying the same procedure.

The simplicity of the whole reduction procedure shown in Figure 5 depends on the fact that
the residues in the base 3 of the powers of 2 cycle through the succession 1,2, 1,2, 1,2, ...,
whose terms are powers of 2 themselves. This allows to fold even and odd weighted columns of
bits of the summation matrices. The bottom part of Figure 5 (below the equal symbols) shows
the folding of the carries produced during the addition of the columns. But this property is more
general, for we have the following statement.

Statement: Fixed & > 1 bits for the representation of the residue, the two following statements
are equivalent for residue number systems associated with binary integer numbers (unsigned or
two’s complement).
1. The residue number system has maximum error detection capability.
2. Addition in the residue number system can be derived from ordinary addition by folding
module £ the bits of the summands.
Proof: As it is well known, fixing the number k of bits for the representation of the reminder,
residue codes provide maximum error detection capability for all and only the bases of value b
=2F_1 (see [9]). Folding the bits of the binary integer summands (unsigned or two’s
complement) in the addition is equivalent to saying that the succession of the residues of the
weights + 2, for i = 0, 1, 2, ..., of the bits of the summands is a periodic succession of powers
in the same base 2. We consider the case of positive weights. The first k£ = rlog;g b1 terms of the
succession of residues #; = 2’ mod &, of index i 2 0 and for a fixed base b, are the powers 2
themselves, i.e. »; = 2'; moreover it always holds rg = 1.

To prove that (1) implies (2), note that dlvxdmg by b means that = 0, hence if we pose b =
2¥ — 1 it follows 2* — 1 = 0, which implies 2% = 1; therefore every k terms the succession of
residues ; restarts from 1, so the prefix of k powers 2 is repeated. Conversely, io prove that (2)
implies (1), note that equating r; = ro means that 2* mod b = 1, hence it follows 2¥ -1 = 0 mod
b, which implies b = 2* —1 therefore the only base that makes the succession of residues 7;
periodic of period k is b = 2 ~1. Both implications hold also for bits of negative weight.
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Figure 5: Reduction stages for the computation of the residue in the base 3.

This statement has a deep interpretation: the least complex and most natural way to compute
addition in a residue number system by means of column compression techniques (i.e. folding
the columns) is in one-to-one correspondence with the maximum error detection capability of
the residue number system.

This column compression procedure for the computation of the residue in the base 3 is easily
extensible to sums of several operands. Such a column compression procedure is similar to the
one already used for the nominal part of the Adder Chip, and is actually simpler because sign
bits can be dealt with in the same way as normal bits. So the same structure used for the
nominal part of the Adder Chip can be used also for the computation of the reminder, reducing
the number of bits from 16 to 2.

5. Evaluation of cost

As an approximate estimate, passing from version | to version Il three 2_to_1 adders would be
replaced by as many 3_to_2 adders, saving silicon area, power and time. An additional 3_to_2
adder is introduced, but it has a small delay impact, that is compensated by the replacement of
2_to_1 adders by faster 3_to_2 adders. In summary:

o Original addition tree: 3 + 1 = 4 adders of type 3_to_2; 3 + 1 = 4 adders of type 2_to_1,
and critical path: 2 adders of type 3_to_2 plus 2 adders of type 2_to_1.
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e Modified addition tree: 3 + 2 + 1 + 1 = 7 adders of type 3_to_2; 1 adder of type 2_to_1;
and critical path: 4 adders of type 3_to_2 plus 1 adder of type 2_to_1.

Therefore, the global number of adders is the same (8 adders with operands of 16 bits), but the
modified solution uses fewer 2_to_1 adders than the original one. The critical path of the
modified solution is slightly longer (5 against 4), but the number of 2_to_1 adders in the
critical path is smaller (1 against 2); we recall that a 3_to_2 adder is much faster than a 2_to_1
adder. Moreover, to construct the modified solution it would not be necessary to redesign new
functional blocks, but only to reorganize in a better way the existing ones. When an overflow in
the whole summation occurs, the value of the sum could be dealt with in two possible ways: the
Jeast significant 16 bits of the real value of the sum are retained; or the most significant 16 bits
of the real value of the sum are retained. In the latter case the retained value is meaningful,
although some bits of precision are lost, but this solution requires to scale all operands to be
included in the interval [0, 1]. Actually Figure 3 adopts the former solution, which is suggested
by physical considerations.

6. Conclusions

The complete and detailed design of a new version for the FERMI Adder Chip has been
developed. This version achieves a significant decrease of cost, measured in terms of silicon
area, with respect to the previous one. This new version will be fabricated in the next
prototyping cycle of the FERMI system. The procedure for the application of efficient CC
techniques to the addition of (signed) integers can be easily generalized to any number of
summands of any size.
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