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Pablo I. Balzola, Michael J. Schulte, and Jie Ruan John Glossner and Erdem Hokenek

EECS Dept, Lehigh University Sandbridge Technologies
Bethlehem, PA 18015 White Plains, NY 10601
Abstract Xl Yl )1 Yl XlYl xl vl
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improve the performance of GSM speech coders by giv-
ing compilers and assembly language programmers the
ability to parall€elize loops containing saturating dot prod- i
ucts, while maintaining GSM compliant results. This paper Pipeline Registers
presents four designs for parallel saturating multioperand -
adders. These designs have at most one carry-propagate
adder on their critical delay path, yet produce the same re-
sultsthat would be obtained if the additions were performed

(m+1)-Input Saturatin
Multioperand Adder

serially with saturation after each addition. The four paral- P, P; Zma P Paa
lel designsoffer tradeoffsin terms of area, worst case delay,

and dot product latency. Compared to a 5-input serial de- Figure 1. Parallel Saturating Arithmetic Units
sign, the 5-input parallel designs have delays up to 3.51

times shorter.

cle, m saturating multipliers compute-bit saturated prod-
ucts,P; to P, 1. In the next cycle, afm + 1)-inputn-bit
. parallel saturating multioperand adder (SMA) combines the
1. Introduction outputs from each of the multiply units with an accumula-
tor/feedback value?;, andm new saturated products are
Most digital signal processors (DSPs) provide support computed. The parallel SMA is designed so that it only has
for two’s complement saturating arithmetic. With saturating one fast carry-propagate adder (CPA), on the critical delay
arithmetic, results that overflow are saturated to the mostpath, yet produces the same result as performing the addi-
positive or most negative number [10]. Since saturating tions serially with saturation after each addition. By pipelin-
arithmetic operations are not associative, changing the or-ing the design shown in Figure & additional elements of
der of the operations can lead to incorrect results. a saturating dot product can be generated and added every
Global System for Mobile (GSM) communication cycle.
speech coders and other DSP applications frequently per- This paper presents four designs for parallel SMAs,
form saturating dot products on long vectors with saturation which are based on the optimized parallel SMA presented
after each arithmetic operation [4]. The GSM standards re-in [13]. These designs differ based on the format of the
quire that the results produced by GSM compliant speechfeedback operand?;, and whether or not internal pipeline
coders be bit-per-bit identical to the results produced whenregisters are used to reduce the delay of the feedback path.
the operations are performed serially [11]. This ensures theSection 2 gives an overview of serial SMA designs. Sec-
numerical integrity of GSM speech coders and keeps com-tion 3 presents alternative parallel SMA designs, and dis-
patibility across a variety of platforms. However, it severely cusses their hardware requirements and worst case delay
limits the performance of DSPs with several parallel arith- paths. Section 4 provides area and delay estimates for 5-
metic units, since saturating arithmetic operations must beinput parallel SMAs. Section 5 gives our conclusions. The
performed serially to maintain GSM compliance. notation used in this paper is as follows: upper case vari-
To overcome this limitation, a technique is presented ables denote-bit signals, lower case variables denote 1-bit
in [13] for designing processors that perform saturating dot signals, and variables starting wildenote the sign of the
products. This approachis shownin Figure 1. In the first cy- variable.



2. Serial SMAs An (m + 1)-input serial SMA requiresn CPAs,m V-
Gens,m ODLs, andm n-bit multiplexers (Muxes). The

A simple approach for computing saturating dot products cfitical delay path of this unit consists of CPAs,m OLDs,
is to use one saturating multiplier and one 2-input saturating@ndm n-bit Muxes. The component with the longest delay
adder. As presented in [14], the saturating multiplier and 2- is the CPA.
input saturating adder can be constructed by adding satura- 1he designs covered in the rest of this paper improve
tion logic to a conventional multiplier and CPA. Each cycle, Worst case delay of the serial SMA by reducing the num-
the saturating multiplier computes a new saturated product,0er of CPAs on the critical delay path to at most one. Since
which is added to a feedback/accumulator value using theEquation (1) is used to detect overflow, the signs of tem-
saturating adder. The saturating multiplier and adder can bePorary sums still need to be computed. This is done using
combined to form a saturating multiply-accumulate (MAC) Sign detection circuits (SDCs). An SDC uses logic that is
unit, with only one CPA on the critical delay path and about similar to a fast CPA. Since only the sign of the result is
the same cycle time as a conventional MAC unit [14]. Al- required the SDC has significantly less area and delay than
though this approach allows for a relatively short cycle time, @ fast CPA, as described in [9].
ap element dot product has a latency of approximagely-

cles. 3. Parallel SMAs
Since high-performance DSPs often have more than one
multiplier or MAC unit[11, 6, 12], the latency of saturating In this section, four designs for parallel SMAs are pre-

dot products can be reduced to approximajgly: cycles  sented. These designs differ based on the format of the ac-
by performingm saturating multiplies in parallel and then cumulator/feedback operang; , and whether or not inter-
adding the saturated products and a feedback value using anal pipeline registers are used to reduce the delay of the
(m + 1)-input SMA. For example, Lucent's Voice Coding feedback pathP; is either in two’s complement or carry-
Processor [11] and DSP16000 [1] use two saturating MAC save format. Having?; in carry-save format reduces the
units and a 3-input parallel SMA [2] to improve the perfor- worst case delay by allowing the CPAs on the critical delay
mance of GSM speech coders [3]. path to be replaced by SDCs and carry-save adders (CSAS).
A simple method for designing amn + 1)-input serial A CSA accepts three-bit inputs and adds them to produce
SMA is to usem fast CPAs (e.g., carry-lookahead adders) two n-bit outputs after only a full adder delay [8]. Adding
and saturate the result of each addition that overflows. Thisinternal pipeline registers allows values that do not depend
method is illustrated in Figure 2 for a 5-input serial SMA. on P, to be precomputed, which also reduces the worst case
Since overflow occurs if and only if both inputs have the delay.
same sign and the output’s sign differs [8], the overflow de-  Parallel 5-input SMAs are used to illustrate the design
tection logic (ODL) computes alternatives, since they achieve a good tradeoff between the
L worst case delay path and the number of cycles needed
0; = $z; " SPiy1 * Stip1 + 5% SPit1 - stiyr (1) to perform saturating dot products. Furthermore, 5-input
o SMAs support four parallel multipliers, which are found in
wheresz, = spi . The V-Gen components, in Figure 2, ,rent and emerging high-performance DSPs [5]. The gen-
generate the values to which the rgsult shogld saturate Whe%ral techniques presented in this paper can be extended to
overflow occurs [13]. As shown in Equation 2, the Sign gther values ofn, and expressions are provided that show

of only one of the inputs to the CPAp; 1, is required 10 4\ the number of components and worst case delay path
generate the saturation value vary with m.

Vier = spis1 5pivt 5Pivt -~ SPivi 5P (@) 39 gV A with two’s complement feedback

When the result of thét" addition overflowsp; = 1 and

Zisr = Vi otherwisen; = 0 andZss; = Tiys. Design 1 uses the technique for constructing optimized

parallel SMAs presented in [13]. The goal of this design is
minimize area, while having only one CPA on the critical
delay path. As an example of this design, a 5-input SMA
with two’s complement feedback (SMA-WTCF) is shown
in Figure 3. An(m +1)-input SMA-WTCF computeén +

1) temporary sumsT to Ty, 11, @S

n-bit Mux "

‘ Zs Register

h 7

m+1
Ti=Vi+ Y P (3)

Figure 2. 5-Input Serial SMA. e
Jj=i+1
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Figure 3. 5-Input SMA with Two’s Complement Feedback.
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Figure 4. 5-Input SMA with Carry-Save Feedback.

whereVy, = P;,. T; is the correctly saturated sum when is presented in [7]. This approach differs from Design 1 in
addingP; is the last addition to cause overflow dfidis the that avoids computing individual saturation valu&s, but
correctly saturated sum when none of the additions causenstead compute&m + 1) temporary sums, It also uses
overflow. In parallel with this, the SMA uses CSAs, SDCs, more complex overflow detection logic and=ubit (2m +
V-Gens, ODLs, and 1-bit Muxes to compute the overflow 1)-to-1 Mux to select the final result.

bits, 0, to 0,,, whereo; = 1 if adding P;,; causes over-

flow. Then,n-bit Muxes are used to select the appropriate 3.2, SMA with carry-save feedback

temporary sum, based on the values of the overflow bits.

Finally, the resultZ,,, is stored and fed back d in the With Design 1, all the components on the critical path,

next cycle. ) except the CPA, have relatively low delay. Design 2 re-
An (m + 1)-input SMA-WTCF hasn CPAs,m ODLs, moves this CPA from the critical path by keeping the feed-

m V-GensZ,m n-bit MUX?S’(’"Q —m)/2 CSAS'(?"Q —m)/2 back/accumulator operand and the temporary sums in carry-
SDCs, (m* — m)/2 1-bit Muxes, and one-bit feedback  s5ye format. With this formaf; is represented by anbit
register. Its critical delay path goes through — 1) CSAs, sum vector,PS;, and ann-bit carry vectorPC;, where
one CPAm n-bit Muxes, and one ODL P, = PS, + PC,.

An alternative approach for designing paraliel + 1)- Figure 4 shows an example of a 5-input SMA with carry-

- B _ design replacesn of the CPAs by SDCs, increases the
The components on the critical delay path may vary depending.on  \igih of them n-bit Muxes and one-bit feedback reg-

n, and implementation techniques. The critical delay paths reported in this .

paper are forn = 4 andn = 32, using the implementation techniques ISter t0(2n + 1) bits, and adds a CSA before the leftmost

described in Section 4. SDC and a CPA after the feedback register. The CPAs are
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Figure 5. 5-Input Pipelined SMA with Two's Complement Feedback.

replaced by SDCs, since the signs of the temporary results " o
are still needed to detect overflow. The Muxes and feedback ™ «2
register increase t@n + 1)-bits to handle th@n-bit carry- s
save format and the sign bit. The additional CSA aBds,

PC,,andP, to produceZ“Sf +TCl2 =PS,+PCi+P>. gz oou | 977 oou e o o '~ oou

1_.| 1_.
The CPA is used to produce a two’s complement result after
the entire saturated dot product is computed.
An (m + 1)-input SMA-WCSF has one CPAy ODLs, w? J J J l l ﬁ‘
m V-Gens,m (2n + 1)-bit Muxes,(m? —m + 2) /2 CSAs, " " sheox T 7
(m? + m)/2 SDCs, (m? — m)/2 1-bit Muxes, and one 1 Lo Lol el

(2n + 1)-bit feedback register. Its critical delay path goes
throughm CSAs, one SDCy: (2n + 1)-bit Muxes, and one
ODL. Compared to the SMA-WTCF, the SMA-WCSF has

a shorter worst case delay, but more area. It also adds one
clock cycle to the latency of the entire dot product, since
an additional cycle is needed to produce the final result in example, instead of computifl = P, + P, + Ps, the

Figure 6. Overflow Detection Circuitfor —m = 4.

two’s complement format using the CPA. first pipeline stage computéds®* = P, + P;. In the sec-
ond stage, intermediate values are combined Withthe
3.3. Pipelined SMA with two’'s complement feed- overflow detection bits are computed, and the appropriate
back temporary sum is selected.

Design 3 uses an overflow detection circuit (ODC),

The main difference between Design 1 and Design 3 is which takes the sign bits of the input operands and inter-
that a pipeline register is added to the SMA. Sirfeis mediate additions and produces the overflow detection bits.
fed back to the SMA, it can only be used during the sec- The ODC calculates these bits in a similar fashion to the
ond pipeline stage. Otherwise, each pass through the SMAprevious two designs, but optimizations are made to reduce
would require two cycles, instead of one. Figure 5 shows the worst case delay. Since sign hits to st* arrive later
the design of a 5-input pipelined SMA with two’s comple- than the other sign bits, the worst case delay is reduced by
ment feedback (PSMA-WTCF). To simplify the figure, the using overflow detection units (ODUSs) to calcul@@—!
V-Gens are not shown. In the first pipeline stage, only in- versions of the overflow bits and then using(an+ 1)-bit
termediate values that do not requiPe are computed. For 2™~ 1-to-1 Mux to select the correct set of overflow bits. An
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Figure 7. 5-Input Pipelined SMA with Carry-Save Feedback.

ODC is shown in Figure 6 fom = 4. Sinceo,, depends  3.4. Pipelined SM A with carry-save feedback
onstT ! which is not ready until later, two versionsaf,

2m

are computedy), for styr! = 0 andop, for sty =LA The main difference between Design 3 and Design 4 is
separate 1-bit Mux is used to select the appropriate value ofthat the feedback/accumulator operand and the temporary
o, oncesty-t! is ready, as shown in Figure 5. sums are kept in carry-save format. Figure 7 shows the de-

An (m+1)-input PSMA-WTCF ha$2m—1) CPAs,one  sign of a 5-input pipelined SMA with carry-save feedback
ODC,m V-Gens,m n-bit Muxes,(m? —m — 2)/2 CSAs, (PSMA-WCSF). Compared to Design 3, Design 4 replaces
(m? —m)/2 SDCs, one 1-bit Mux2m n-bit registers, and  m of the CPAs by SDCs, increases the width of then-

(m? —m)/2 1-bit registers. Its critical delay path, whichis  bit Muxes and one-bit feedback register t@n + 1) bits,

in the second pipeline stage, goes through one GbG;1) and addsn CSAs to the second pipeline stage and one CPA
n-bit Muxes and one 1-bit Mux. Since the ODC is opti- after the feedback register. It also Has — 1) moren-bit
mized to receivest? to st!" ! as late arriving signals, the registers andm — 1) more 1-bit registers.

SDCs that produce these signals are not on the critical de-  An (m+1)-input PSMA-WCSF hag: CPAs, one ODC,
lay path. The PSMA-WTCF has a shorter worst case delay,m V-Gens,m (2n + 1)-bit Muxes,(m? + m — 2)/2 CSAs,

but requires more area than the previous two designs. It hagm?+m)/2 SDCs, one 1-bit Mux, ongn + 1)-bit register,

the same dot product latency as the SMA-WCSF, since an(3m —2) n-bit registers, an@m? +m —2)/2 1-bit registers.
additional cycle is required for the first pipeline stage and lIts critical delay path, which is in the second pipeline stage,
the final result is already in two’s complement format. goes through one ODGn — 1) (2n + 1)-bit Muxes, and

As noted previously, the critical delay paths reported in one 1-bit Mux. This is approximately the same critical de-
this paper are fom = 4 andn = 32, using the imple- lay path as the PSMA-WTCF, but since the overflow signals
mentation techniques described in Section 4. For other im-that drive the(2n + 1)-bit Muxes have a larger fan-out, the
plementations, the critical delay path of the PSMA-WTCF overall delay increases slightly. For PSMA-WTCF imple-
may be in the first pipeline stage and go through one CPA mentations where the critical path was originally through
and (m — 2) CSAs. Alternatively, it may be in the sec- one CPA,(m — 1) n-bit Muxes and one 1-bit Mux, us-
ond pipeline stage and go through one CPA,— 1) n-bit ing a PSMA-WCSF reduces the critical delay path when
Muxes and one 1-bit Mux. the delay of a CSA plus an SDC is less than the delay of a



Serial | Design 1| Design 2| Design 3| Design 4
Area (gates)| 2624 | 10873 11460 15112 18774
Delay (ns) | 28.46 | 12.08 10.24 8.10 8.68

Table 1. Area and Delay Estimates for 5-input SMAs.

CPA. The PSMA-WCSF requires one more cycle than the References
PSMA-WTCF to compute a saturated dot product, since an

additional cycle is needed to produce the final result in two's

complement format.

4. Synthesis Results

Designs for each of the 5-input SMAs presented in this

(1]

(2]

(3]

paper were modeled in VHDL and synthesized using LSI

Logic’s 0.6 micron LCA300K gate array library and the

Leonardo synthesis tool from Exemplar. The CPAs and

SDCs were implemented using fast carry-lookahead logic.

(4]

Area and delay estimates from the synthesis tool are shown

in Table 1 for a nominal voltage &.3 Volts and tempera-

ture of25° C. Of the parallel SMAs, Design 1 has the least

(5]

area and Design 3 has the least delay. As explained in Sec-

tion 3.4, Design 4 has a slightly longer delay than Design 3.

(6]

This is because the ODC component has a longer delay than

the CPA (or CSA/SDC pair) and the fan-out of the overflow

(7]

detection signals is larger for Design 4 than for Design 3.
For other implementations, Design 4 is expected to have
less delay than Design 3. Compared to the serial SMA, the (8]

four parallel SMAs have between 4.14 and 7.14 times more [9]
area and between 2.36 and 3.51 times less worst case delay.

For many implementations, the long worst case delay of the
serial SMA would limit the processor clock rate. Because
of the feedback path, the serial SMA cannot be pipelined [10]

effectively.

5. Conclusions

[11]

This paper covers four design alternatives for parallel [12]

SMAs that perform multiple additions with saturation, yet

have at most one CPA on the critical delay path. These de-
signs are ideal for loops that perform saturating dot prod-
ucts, such as those found in GSM speech coders. The delt3!
signs offer various tradeoffs in terms of area, worst case

delay, and dot product latency.
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