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Abstract

This paper describes two experiments designed to show
the effects of wiring area and delay and unused area
on final chip characteristics. An example behavioral
specification is used to produce a range of automat-
ically synthesized designs with varying constraints on
cost and performance, using both pipelined and non-
pipelined design styles. An analysis of chip layouts is
performed, and recommendations for future high-level
synthesis programs are given.

1 Imtroduction

When high-level synthesis research began, there were
no VLSI chips. Design was assumed to be done with a
fixed set of available modules [1]. In at least one case,
these modules were assumed to be TTL chips [2]. Such
chips and modules had a fixed cost, and wiring delays
between chips were minimal compared to the process-
ing delays on chip. Power consumption could easily be
computed as the sum of the power consumption of in-
dividual chips, and hot chips could be cooled with a
heatsink. Now, however, we are faced with a situation
where high-level synthesis programs must design data-
paths and controllers to fit on one or more VLSI chips.
For such chips, a large portion of the chip area is con-
sumed by wiring. Wire delays can be important. Given
this situation, high-level synthesis programs must take
a number of factors into account that were by and large
ignored in the past.

2 Related Research

An early study of the effects of layout on the design
curve was performed by Granacki and Parker [3]. ELF
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[4] considers wiring costs during synthesis. BUD [5]
floorplans prior to high-level synthesis, taking into ac-
count wiring space and wire delays. McFarland [6]
showed that BUD could not obtain a cost-performance
tradeoff curve when physical factors were taken into ac-
count. Knapp [7] floorplans in order to improve de-
signs. Chippe [8] predicts wire delays, given the RTL de-
sign. Although many synthesis researchers have demon-
strated layouts of synthesized designs, no published
tradeoff studies of actual layouts based on automati-
cally synthesized designs exist.

3 Overview of the Experiments

This paper describes a set of experiments designed to
determine the impact of some physical design parame-
ters on the high-level synthesis process. Example filter
specifications were used to synthesize a number of im-
plementations at the register-transfer level with vary-
ing cost and performance using ADAM [9]. For non-
pipelined designs the cost was measured as total area of
the bounding box and performance as the delay through
the active area of the chip. For pipelined designs, cost
was measured as the bounding box, and performance as
the delay between the initiations of new data into the
pipeline.

The example chosen for this study was the AR lattice
filter element, a design with a clear cost-performance
tradeoff curve at the register-transfer level. Designs
with inner loops and conditional branches are expected
to have less well-behaved tradeoff curves at the register-
transfer level, and the physical impacts might well be
worse. The dataflow graph for this AR filter is shown
in Figure 1.

For this experiment, we produced 6 non-pipelined and
6 pipelined RTL designs. We used MAHA [9] to gen-
erate the schedule for non-pipelined designs and Sehwa
[9] for pipelined designs. MABAL completed the RTL
designs, which were then translated to Seattle Silicon
Chiperafter format through our netlist translation and
expansion program. For our layout style, each 16-bit
module is constructed with 1-bit cells arranged in a fixed
order, and this constitutes a functional block. For ex-
ample, a 16-bit ripple carry adder is made up of a col-
umn of 16 1-bit full adder cells connected appropriately.
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Figure 1: The AR Filter Dataflow Graph

In order to optimize the layout, first local rearrange-
ment is done by Chipcrafter at the functional block level
and then overall placement of these functional blocks is
performed. We ran Chipcrafter with the OKI 1.2 mi-
cron, twin-well, double-layer metal CMOS ruleset and
achieved layouts ranging from 20,000 to 30,000 transis-
tors. For the non-pipelined designs we also generated
the PLA controllers and they are included in the lay-
outs. For pipelined designs we had to restrict our study
to datapaths only because the required control signal
generation software was not available. We do antici-
pate that the controller can have a significant impact
on both area and time for pipelined designs with codi-
tional branches.

For each design, we measured individual contribu-
tions to final chip area. We then assessed whether these
layouts still fit our cost-speed tradeoff curve.

4 Non-Pipelined Results

The designs varied in parallelism. Information about
the non-pipelined chips is given in Tables 1-4.

Design | No. of Active Total | Datapath
No. Control Area Delay Delay
steps | x10%um? | ns ns
1. 1 44.5 171 171
2. 4 23.4 NA NA
3. 8 19.9 836 568
4. 10 12.4 1036 670
5. 16 12.0 1693 1161
6. 18 7.4 1781 1200

Table 1: Summarized Area - Delay Statistics of the Non-
Pipelined Designs

Note that the functional area (raw cells plus internal
interconnect of the function blocks) is proportional to
the raw cell area since the layouts of the function blocks
are quite regular. A quick check of the ratio of total
wiring and unused area to raw cell area shows that in

all of the designs wiring/cell ratio varies from 1.6 to 2.6.
Wiring delay constitutes 15-20 % of the total delay.

Since MABAL computes the number of two-point
net equivalents, an increase in global wiring like that
shown in design 5 might be predictable from the MA-
BAL statistics. However, an examination of the num-
ber of global two-point net equivalents given by MABAL
shows an average number of nets for design five. Further
examination of the layout will be performed to deter-
mine whether placement and routing software problems
caused an anomaly in the routing area, or whether the
design is truly inferior.

Multiplier area dominates the design. Hence, the two
designs with two multipliers have roughly equivalent ar-
eas but quite different performance. A simple analysis
excluding multiplier areas shows that a tradeoff curve
still exists for the remaining logic.

A cost-performance tradeoff curve for non-pipelined
datapaths is shown in Figure 3. This curve shows the
register-transfer design points, and the physical param-
eters when layout is considered. The register-transfer
design points included raw cell area and raw cell delays.
Although the tradeoff curve is not a smooth convex sur-
face when physical factors are taken into account, there
are no faster designs which are cheaper, or slower de-
signs which are also larger.

Also observe that in the case of the most parallel
design (Figure 3) the actual delay is better than the
predicted delay, while in all the other cases it is the
opposite. The reason is that this particular design is
basically a combinational circuit and the critical path
in this circuit is less than the sum of critical paths in
the modules, which is the predicted delay. In the other
cases, due to wiring delays, actual delay is always more
than the predicted delay.

Note that the multiplexer area is large and dominates
the adder area. However, adders are not shared in any
case where multiplexer area increases more than the de-
crease in the adder area. Multiplexer area does not
steadily increase as sharing increases.

The most parallel non-pipelined layout is shown in
Figure 2.

5 Pipelined Results

Information about the pipelined layouts is given in Ta-
bles 5-8.

The tradeoff curve in Figure 4 is for pipelined de-
signs. The curve shows the register-transfer level design
points and the actual points considering the layout. As
mentioned earlier in the paper, this curve considers the
datapath only and controller area and delay are not in-
cluded. In these designs the basic clock period remains
almost the same and therefore the delay depends on the
initiation interval of the circuit. Again, the multiplier is
a dominant effect. The register area drops as the design
becomes more serial and less values must be stored si-
multaneously. Multiplexing requirements are somewhat
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Total Raw | Total Func. | Total Active | Internal Global Total
Design | Cell Area | Block Area Area Wiring Wiring Wiring
Number A B C B-A C-B C-A
pm? pm? pm® pm® pm? pm?
1. 16935497 30440600 44532021 | 13505103 | 14091421 | 27596524
2. 7865950 13154516 23393849 | 5288566 | 10239333 | 15527899
3. 5578259 9152214 19902580 3573955 | 10750366 | 14324321
4. 3881830 5981386 12354541 2099556 6373155 8472711
5. 3681145 5528098 12047529 1846953 6519431 8366384
6. 2756086 3793329 7437828 1037243 3644499 4681742

Table 2: Wiring and Cell Area Statistics of the Non-Pipelined Designs

Adder Multiplier Controller
Design No. of | Functional | Raw Cell | No. of | Functional | Raw Cell Area
Number | Modules | Block Area Area Modules | Block Area Area
pm? pm? pm? pm? pm?
1. 12 825907 715860 16 29416590 | 16042040 34157
2. 4 275302 238620 6 11031221 | 6015765 61597
3. 2 137651 119310 4 7354148 | 4010510 89475
4. 2 137651 119310 2 3677074 | 2005255 135065
5. 1 68826 59655 2 3677074 | 2005255 157927
6. 1 68826 59655 1 1838537 | 1002628 149799
Table 3: Area Statistics of the Non-Pipelined Layouts by Module Type
Register Multiplexer
Design No. of | Functional | Raw Cell | No. of | Functional | Raw Cell
Number | Modules | Block Area Area Modules | Block Area Area
pum? pum? um? pum?
1 2 163946 143440 -* - -

2 6 491839 430320 19} 1294557 | 1119648

3 6 491839 430320 17t 1079101 928644

4 8 655785 573760 128 1375811 | 1048440

) 7 573812 502040 8 1050459 956268

6 6 491839 430320 8l 1244328 | 1113684

Table 4: Area Statistics of Non-Pipelined Layouts by Module Type

constant over the designs. Design 5 is somewhat of an
anomaly, as in the non-pipelined design. The layout ob-
tained for design 5 was initially inferior to design 6 in
area. However, an examination of the design showed
that the layout was not very compact, and Chipcrafter
was allowed to iterate longer than for the other designs.
Hence, the wiring area actually dropped. Examination
of the other designs did not reveal any such obvious
opportunities for optimization.

The fastest design could not take advantage of a large

*Does not require any muxes.

tConsists of five 2tol muxes and fourteen 3tol muxes.

1 Consists of seven 2tol muxes, one 3tol mux and nine 4tol
muxes.

8 Comsists of four 2tol muxes, three 3tol muxes, one 5tol mux,
two 6tol muxes and two 8tol muxes.

Y Consists of two 2tol muxes, one 3tol mux, two 5tol muxes,
two 7tol muxes and one 9tol mux. :

I Consists of four 2tol muxes, one 3tol mux, one 5tol mux,
one 11tol mux and one 16tol mux.
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combinational logic block like the fastest non-pipelined
design did. Therefore the clock rate is limited by the
slowest module and the wiring delay. Hence like all the
other designs this is also slower than the RTL design
indicated. [htb] [htb]

Design | No. of Control Active Initiation
Number steps Area Interval

x 108 pum? ns

1 1 64.1 63

2 4 20.6 265

3 6 18.5 410

4 8 12.9 529

5 12 11.0 830

6 16 10.0 1185

Table 5: Summarized Area - Delay Statistics of the
Pipelined Designs



Design | Total Raw | Total Func. | Total Active | Internal Global Total
Number | Cell Area | Block Area Area Wiring Wiring Wiring
A B C B-A C-B C-A
pm? pm? pm? pm? pm? pm?
1. 22638940 36964293 64117478 | 14325353 | 27153185 | 41478538
2. 6648319 10391463 20646193 | 3743144 | 10254730 | 13997874
3. 5779969 8609260 18549425 | 2829291 | 9940165 | 12769456
4. 3648549 5731758 12911088 | 2083209 | 7179330 | 9262539
5. 3544358 5615539 11033129 | 2071181 | 5417590 | 7488771
6. 2803491 3864570 10041426 | 1061079 | 6176856 | 7237935
Table 6: Wiring and Cell Area Statistics of the Pipelined Designs
Adder Multiplier
Design No. of | Functional | Raw Cell | No. of | Functional | Raw Cell
Number | Modules | Block Area Area Modules | Block Area Area
pm? um? pum? um?
1. 12 825907 715860 16 29416590 | 16042040
2. 3 206477 178965 4 7354148 | 4010510
3. 2 137651 119310 3 5515611 | 3007882
4. 2 137651 119310 2 3677074 | 2005255
5. 1 68826 59655 2 3677074 | 2005255
6. 1 68826 59655 1 1838537 | 1002628
Table 7: Area Statistics of the Pipelined Layouts by Module Type
Design Register Multiplexer
Number | No. of | Functional | Raw Cell | No. of | Functional | Raw Cell
Modules | Block Area Area Modules | Block Area Area
pim? pm? pm? pm?
1. 82 6721796 | 5881040 - - -
2. 19 1557489 | 1362680 201t 1273350 | 1096164
3. 22 1803409 | 1577840 | 154 1152590 | 1074936
4. 7 573812 502040 11* 1343221 | 1021944
5. 7 573812 502040 ot 1295828 977408
6. 6 491839 430320 gt 1465369 | 1310888

Table 8: Area Statistics of Pipelined Layouts by Module Type

6 Conclusions

The non-pipelined layouts showed a cost-performance
tradeoff between the most serial and the most parallel
designs. However, the cheapest design was far slower
than the fastest one, but not proportionately smaller.
Buffering I/O with a RAM instead of registers subse-
quent to these experiments halved the area of the small-
est design.

An intermediate design(5) with partial serialization

**Does not require any muxes.
tt Consists of eight 2t01 muxes, three 3tol muxes and nine 4tol
muxes.
$ Consists of five 2tol muxes, two 3tol mux, four 4tol muxes,
two 5tol muxes and two 6tol muxes.
*Consists of three 2to1 muxes, three 3tol muxes, one 5tol mux,
two 6tol muxes and two 8tol muxes.
1 Consists of three 2tol muxes, one 4tol mux, one 6tol muxes,
two 7tol muxes and two 8tol mux.
tConsists of four 2tol muxes, one 3tol mux, one 6tol mux,
one 11tol mux and one 16tol mux.

was not significantly smaller than a more parallel de-
sign(4).

The pipelined designs showed similar results. The
cheapest design was about one sixth of the area of the
fastest design, but was about 20 times slower.

Twelve layouts were produced to draw these conclu-
sions, a large effort but not comprehensive enough to
allow generalization of the results. Examples with a
larger variety of functions, inner loops and conditional
branches must be processed. We feel that such examples
are more prone to scheduling infeasibilities and alloca-
tion problems, and may not tradeoff as easily as the AR
filter. We are encouraged that the tradeoff curves did
exist for the physical designs, but are also aware of the
effects of wiring and unused area and wiring delay on
the final performance and area of each design. These
effects point to the conclusion that high-level synthesis
programs must take into account the effects of layout if

Paper 31.4
533



Yoottlo §4Hsen Yorparat:n (View) YN

Test viow
edem
A
I
MPplus
[T
Gre |
MR
Bretatz
Netad /)
it

Figure 2: Layout of the most Serial Non-Pipelined De-
sign
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Figure 3: Cost-performance tradeoff curve for a 16-bit
Non-Pipelined AR Filter Datapath Element

they are to produce designs of high quality.
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