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Abstract are coded with Verilog, and synthesized using the Synopsys

Module Compiler [8] and a 0.25 micron CMOS standard

This paper describes the designs of a saturating adder,cell library. Estimates for the critical path delay and area
multiplier, single MAC unit, and dual MAC unit with one cy- are presented for 16-bit arithmetic units.
cle latencies. The dual MAC unit can perform two saturat-
ing MAC operations in parallel and accumulate the results o Saturating Multiplier
with saturation. Specialized saturation logic ensures that
the output of the dual MAC unit is identical to the result of
the operations performed serially with saturation after each
multiplication and each addition

Saturation occurs for two's complement fractional mul-
tiplication only when—1.0 x —1.0 is computed. Since the
true result of1.0 cannot be represented as a two’'s com-
plement fractional number, the product is saturated to the
) largest positive fractional number. To detect when satura-
1. Introduction tion needs to be performed, saturation detection logic (SDL)

is used. If the input operands are

A characteristic of many DSP applications is that they
are computationally intensive and execute millions of satu- X = Tp1Tpz... 1170
rating arithmetic operations. For example, the Global Sys- Y = Y 1Yn-2...Y1%0
tem for Mobile communication (GSM) enhanced full rate
speech coder and decoder each require over 128 million satthe logic equation for the SDL is
urating arithmetic operations [2]. To be compliant with the _ o _ o
GSM standard, the results produced must be identical to re-© = Tn—1 " Tn-2 "+ " L1 20 " Yn—-1"Yn-2"--- "Y1 Yo
sults prodyced V\_/hen the operations are performed s.er!ally. WhenX = 1.00...00 andY = 1.00...00, S becomes 1

To achieve high performance, DSPs have multipliers, to indicate that saturation has occurred.

adders, and muItipIy and accumulate (MAC)_units .With one Figure 1 shows the multiplication matrix for a two's
or two cycle latencies [4]. Typically, saturating arithmetic .10 mens,-bit multiplier, whereP = X - Y’ [1]. Except
operations require two cycles, wlth saturatlop performed in in the case 0f-1.0 x —1.0, pan_1 andps,, » are identical
the second cycle. More complicated operations, such as 3nd the product has the form

MAC operation with saturation after both the multiplication
and the addition, often require a greater number of cycles.
The challenge is to design circuits that perform parallel sat-
urating arithmetic operations in a single cycle and still pro- To put the result back in fractional form, the product is
duce the same results as when the operations are performeshifted left one position and a zero is inserted into the least
serially. significant bit. When the multiplication 6£1.0 x —1.0 oc-

In this paper, designs of a fractional saturating adder, curs, the product that is generated’is= 01.0...00. Since
multiplier, single MAC unit, and dual MAC unit with single  this is not a valid two’s complement fractional number, the
cycle latencies are presented. The dual MAC unit can per-result should be saturateddd1...11.
form two MAC operations in parallel and accumulate their ~ Figure 2 shows the modifications that need to be made
results. The output of the dual MAC unit is identical to the so that multiplication yields a saturated result. In this fig-
result of the operations performed serially with saturation ure, S is the saturation bit, which is output by the SDL.
after each multiplication and each addition. The designs To produce a result in fractional form, the multiplication

P = psn_1P2n—2.P2n—3 .. .D1Po
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Figure 2. Saturating Multiplication.

matrix is shifted left one position and bits to the left of

column2n — 1 are omitted. To handle saturatiof, is

added to the: least significant columns of the multiplica-

tion matrix, and the partial produgt v, _1 is replaced by

o - Yn—1 +S. When—1.0 x —1.0 is performed,S = 1,

Zo - Yn_1 + S = 0, and the multiplier produces11...11.

In all other casesS = 0 and the product does not saturate.
Figure 3 shows a block diagram of an 8-bit two’s com-

plement array multiplier [5] that has been modified to pro-

duce a saturated product. In this diagram, a modified half
adder cell (MHA) consists of an AND gate and a half adder.

Similarly, a modified full adder (MFA) consists of an AND

gate and a full adder. In the leftmost column and bottom
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Figure 3. 8-Bit Saturating Array Multiplier.

to the multiplier does not increase its critical path delay.
The only increase in area is due to the extra OR gates for
saturation and changing one of the NMFAs to a SMFA. The
technique presented here can easily be extended to other
parallel multiplier implementations, such as tree multipliers
and Booth-encoded multipliers [9], [7].

3. Saturating Adder

For two's complement addition, saturation only occurs
if the two operands have the same sign and the sign of the
result is different. A fast method for detecting this is to
take the exclusive-or (XOR) of the carry-in and carry-out of
the most significant bit position, which are denoted as;
andc,, respectively. If the XOR of these two bits is one,

row of the array, NAND gates are used to produce partial ha result saturates: otherwise. it does not.

products with either:,,_; or y, 1. Modified full adders

It is also necessary to determine the value of the satu-

that use NAND gates to generate the partial product are la- 46 result. If both operands are positive and the sum sat-

beled with NMFA. To perform saturatiopy is set to theS
bit, and theS bit is ORed with outputs from the rightmost
column of the array to produgg to p,,_,. The SMFA cell

in the bottom-right corner of the array produces the partial

productzg - y, 1 + S and adds it with sum and carry bits
from the previous row to produgs, and a carry bit. A carry

look-ahead adder (CLA) [6] adds the sums and carries from

the bottom row of the array to produpg. 1 t0 p2j—1.

urates, the saturated resultdid1...11. If both operands
are negative, and the sum saturates, the saturated result is
1.00...00. When performing< S >=< A+ B >, the

value used to saturate the result can be computed as

V= Ap—1.-Gp—1 +...0p_1 An_—1

wherea,,_; is the sign-bit ofA and< K > indicates that

Using the technique described previously, the saturation K is saturated.

bit S is computed early in the multiplication process. Since

To - yn—1 + S is ready before the sum and carry bits that

The design of a saturating CLA is shown in Figure 4.
The CLA [6], [3] is easily modified to produce a saturated

come into the SMFA and the computation of partial product result. If the output of;,, ® ¢, is 1, the sum needs to be

bits pg to p,,_1 is not on the critical path, adding saturation

saturated anll” is selected as the result; otherwise, the sum



S from the CLA is selected. Compared to a non-saturating A ‘X ‘Y

CLA, additional logic is needed to compuié, perform '
cn ® cp—1, and select betwedn andS. Sincec,, ® ¢,,—1 IS You | l6os a1 Saturating
available at the same time as_1, the only delay added to Multiplier
the critical path is the delay of the multiplexor. This tech- | XOR | V Gen without
nique for saturating addition can also be applied to other CLA
adder implementations. j s lc

an.1 A B CSA

¢ ¢ i‘ p2n_1 an-1
‘ V=a,1 an.1---a1 ‘ Carry Look-Ahead Adder CLA
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Figure 4. Saturating Adder. . . .
Figure 5. Saturating MAC Unit.

4. Saturating MAC Unit is one, the output of the VGen unit is selected as the final
result; otherwise] is selected. The VGen unit generates

Figure 5 shows the design of the saturating MAC unit, the correct saturated value

which compute< T' >=< A+ < X -Y >>. One ap-
proach for computingc 7' > is to haveX andY be inputs

to a saturating multiplier and then to add the saturated prod-
uct< X -Y > to A using a saturating adder. The main 5, Saturating Dual MAC Unit
disadvantage of this approach is that there are two CLAs on

the critical path. Figure 6 shows the block diagram of a saturating dual
To decrease the critical path delay, the saturating multi- MAC unit. This unit performs two MAC operations in par-
plier is modified so that it does not add the sum and carry g|le|, with saturation after each addition and each multipli-
bits generated in the last row of the array. This is accom- cation. The dual MAC uses two saturating MAC units plus
plished by simply replacing the: — 1)-bit CLA, shownat  additional hardware, so that it can combine the results of
the bottom of Figure 3, by & — 1)-bit carry save adder  the two MAC operations and produce a result that is equiv-
(CSA). The modified saturating multiplier, producega alent to the result that would be obtained if the operations

bit sum vectorS and an(n — 1)-bit carry vectoiC', such that  had been performed serially. This computation can be ex-
S+C=<X-Y > ThevaluesS, C,andA arethenused  pressed as

as inputs to &n-bit CSA, which combines, C, andA to
produce two2n-bit vectors that are summed using a CLA <T>=<< A+ < X1 V1 >>+ < X Yo >>

to yieldT'. .
. . . . whereA; is the accumulator valu&; andY; are operands
MAC-saturation detection logic (MAC-SDL) is used to for the first multiplication, and{> andY, are operands for

detect if the sum of the three vectors A, S and C saturates,

The MAC-SDL uses the following logic equation to detect the second multiplication. The valué, Cy and S5, C .
represent the saturated sum and carry vectors from the first

V =asp_1.G2p—1 ... G2n—1 G2pn—1

saturation. and second saturated multipliers, respectively, where
Sat = azp—1 - P2n—1-t2n—1 + @2p—1 - P2n—1 - tan—1 S1+C;, = <X;- V7>
whereas,_; is the sign bit of4, psn_1 = n_1 ® yn1 S2+C2 = <Xy V3>

is the sign bitof< X - Y >, andt,,,—; is the sign bit of7".
Saturation occurs only when the signsbnd< X - Y >
are equal to each other, but not equal to the sigh.df Sat <T> = <<A1+5+C >+5+Cy >

The final result is computed as
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Figure 6. Saturating Dual MAC Unit.

To obtain the same result as when two MAC operations

Saturation No Saturation

Unit Delay | Area | Delay | Area
Adder 1.1 2373 1.0 2323
Multiplier 6.6 | 16695| 6.6 | 16608
MAC 7.5 | 18567| 7.2 | 18853
Dual MAC | 8.1 | 42982| 7.2 | 37706

Table 1. Synthesis Results for 16-Bit Units

requires less area than the saturating MAC unit. This may
have resulted from the synthesis tool’s ability to exchange
area for delay. The area and delay estimates shown for
the non-saturating dual MAC unit correspond to two non-
saturating MAC units that can operate in parallel, but cannot
combine their results in the same cycle.

On many DSPs, it takes two or more cycles to perform
saturating arithmetic operations. In comparison, the arith-
metic units presented in this paper perform saturating arith-
metic operation in a single cycle, yet require only a small in-
crease in area and delay. For many DSP applications, which

are executed serially, three summations are performed g jire millions of saturating arithmetic operations, these

parallel.
1. <Ty >=< A1+ 5 +Cy >
2. <Th >=<Q+S2+Cs >
3. <T3>=< A1 +5+C1+S+Cy >

where@ is 0.11...11 when 4, is positive, and .00 .. .00
when A; is negative. IfT} saturatesg< T >=< Ty >;
otherwise< T >=< T3 >. By performing the three sum-

mations in parallel and then selecting the proper result, the

only increase in delay compared to a single saturating MAC
is one CSA and one 2-to-1 multiplexor.

The dual MAC unit can also perform two independent
saturating MAC operations in parallel, where the results
produced correspond ta 77 >=< A1+ < Xy - Y] >>
and< T, >=< As+ < X5 - Yy >>. This is accomplished
by setting theind control bit to 1, so that) = A,. With
minor modifications, the dual MAC unit can also perform
parallel saturating multiply and subtract operations, as well
as non-saturating arithmetic operations.

6. Results and Conclusions

16-bit designs for saturating and non-saturating arith-
metic units were implemented using Verilog. The Synopsys
Module Compiler [8] and a 0.25 micron CMOS standard

cell library were used to synthesize each design. Estimates

of the area and critical path delay are shown in Table 1. Ar-
eas are reported in grid units and the critical path delay is
given in nanoseconds for a supply voltage of 2.5 \olts. One
unexpected result in Table 1 is the non-saturating MAC unit

units can provide significant performance improvements.
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