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Abstract 

The use of sythesizable embedded FPGAs in a 
reconfrgurable Systems-on-Chip (SoC) provides 
numerous improvements to ASIC designs due to the added 
flexibilit?; and improvements in functionalit?;. Such arrays 
have been proposed earlier by the authors and it was 
found that, as  with all reconfrgurable architectures, most 
of the power and area consumed is in the programmable 
interconnects mesh. This paper focuses on the design of 
optimized synthesizable Switch-Boxes that can be used in 
reconfigurable coarse-grain architectures. The paper 
compares different switch-boxes in terms of area, power, 
delay and routabilit?; and proposes new designs optimized 
for  directional data-flow which are found to provide up to 
47% less area and 22% less power with only an increase 
of 10% in routed wirelength and delays wheri compared 
10 existing designs. 

1. Introduction 

Adding flexibility to large dedicated ASIC designs 
provides a number of significant advantages such as the 
ability to change the designs after fabrication for fixing 
errors or to support changing standards. Commercial 
embedded FPGAs such as [51 provide a good solution for 
achieving high flexibility and high throughput. However, 
embedded FPGAs suffer from high power and area 
consumption alongside difficulties in integrating them into 
the SoC architecture and the system design-flow. To 
overcome these problems the authors proposed domain- 
specific Reconfigurable Arrays (RA) in [ I ]  having less 
flexibility than generic FPGAs. but providing a significant 
improvement in performance. The arrays are provided as 
synlhesizable soft-cores to allow a better tuning of the 
array to the desired application domain and to simplify 
their integration into SoC software flow. 

Nevertheless, it was measured that the island-style non- 
segmented programmable interconnects used in the arrays 
occupied up to 91% of the total array area and power 
consumption 111. Such high ratios are usual for generic 
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fine-grain FPGAs, however this is too high for the 
purpose of embedded coarse-grain arrays. The 
inefficiency occurs when trying to build synthesizable 
interconnects having the same functionality as typical 
interconnects found in FPGAs. The use of standard-cells 
libraries restricts the circuit design of the configurable 
switches since the pass-transistors used in typical FPGAs 
[71 have to be replaced by synthesizable cells such as tri- 
state buffers or multiplexers. This significantly increases 
the area, power consumption and delays: two tri-state 
buffers forming a bidirectional switch have nearly 8 times 
the area of a single pass-transistor. Similar area increases 
are found when trying to implement the configuration 
memory, as synthesizable alternative for SRAM-cells such 
as flip-flops or latches can occupy up to 2.7 times more 
area. As described in [4], a possible solution is to 
augment the standard-cell libray with handcrafted FPGA- 
friendly cells. However, this reduces the portability of the 
array between different fabrication technologies. 

The general symmetrical mesh of configurable 
switches [9] used in the array consists of connection- 
boxes and switch-boxes, with the latter one occupying 
around 42% of the total area and power consumption [ I ] .  
This paper proposes and investigates different designs of 
switch-boxes suitable for synthesis in reconfigurable 
coarse-grain architectures. The various designs are 
evaluated and compared in terms of power consumption, 
area, delays and routability. 

2. Related Work 
Published work on switch-boxes is mainly concentrated 

on non-synthesizable circuit designs and routability 
studies. Synthesizable interconnects were presented in [3] 
for small arrays of programmable look-up-tables; 
interconnects were based on directional switch blocks that 
allow only left-to-right data flow in order lo prevent the 
occurrence of combinatorial feedback loops. The 
configurable switches were implemented using tri-state 
buffers. The Totem project [4] investigated the layout of 
synthesizable interconnects based on multiplexer and 
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demultiplexers for one dimensional arrays (not switch- 
boxes based). 

The circuit design of non-synthesizable switch-boxes 
for generic P G A  has been studied in  [71 [SI. In [71 
switch-boxes using pass-transistors and buffers were 
compared and it was found that creating an interconnect 
structure containing both types of switches in an 
alternating arrangement provided delay savings. These 
results are not applicable for synthesizable arrays due to 
the use of pass-transistors. In [SI and [7] a switch-box 
based on multiplexers, suitable for synthesizable 
interconnects, was proposed for fine-grain P G A .  
Reference [6] studied the effect of the switch-box style 
and size on the physical layout of the box circuit. In our 
study, we suppose that for the purpose of synthesizable 
switch-boxes the layout task should be left for the ASIC 
place and route tools, which would not provide enough 
optimizations as handcrafted layouts. 

3. Proposed Switch-Boxes 

Possible synthesizable elements that make 
programmable switches are ui-state buffers and 
multiplexers. Based on this, the following seven switch- 
box designs are proposed for evaluation: 

( I )  Full directions. tri-states 
( 2 )  Full directions, multiplexers 
(3) Full directions. tri-states wirh reduced cf, memon 
(4 )  Reduced directions, tri-states 
(5) Reduced directions, tri-states with reduced cfg mem 
(6) Reduced directions. mu1riple.rei-s 
(7) Reduced directions, multiplexers and rri-states 

(a): 12 Config Bits. (b). 8 Config Bits. 

As shown in Figure l(a) and Figure l(h), designs ( I )  
and (2) try to create bi-directional switches that connect 
any two sides together by using tri-state buffers or 
multiplexers. The switch-points shown have the same 
functionality as the basic switch made using pass- 
transistors in generic F'PGAs: hence these switches have a 
relatively higher flexibility when compared to the rest of 
the switches proposed below. Since the area cost per 
configuration memory bit is high, area optimizations 
might be achieved by compressing the memory content: 
e.g. the number of configuration bits needed in switch ( I )  
can be reduced by removing the redundant states since 
only 2 bits are required per side to select which of the 3 
other sides, if any, has to be routed through. Hence, 
decoders are used in (3) and ( 5 )  to reduce the number of 
configuration bits to 8 and 4 respectively. 

Depending on the placement of the components on the 
array the data flow can be more intense in some specific 
directions than others. This is especially true when routing 
for coarse-grain circuits where the direction of the data- 
flow is predictable, unlike the case of random logic 
circuits. Hence, switches (4)-(7) are proposed which favor 
some directions over the others. As shown in Figure l(c) 
and Figure l(d) for switch (4), two types of switch-points 
are proposed. each allowing connections only in specific 
directions. The two types of switch-points are both used in 
different ratios inside the switch-box as shown in Figure 
I(e), which allows creating an overall switch-box that 
accepts more connections from left-to-right and top-to- 
bottom. As can be seen in Figure 1 0  and Figure I@), the 
use of 2-to-I multiplexers in (6) allows the switch to have 

(c) : 6 Config Bits. (d) : 6 Config Bits. 
1 ........... I 

........... I 
(lj: 8 Conlig Bits. (g): 8 Coni g B IS. (hj: 6 Conllg B IS. 

Figure 1:  (a). ConligLrao e swtcn-po nt us ng tri-state DJIers. (b,: Swtcn using 3-10-1 mull p exers and buffers. (c). Id): Two 
poss ble types of -n arrectional swiiches. (e): ComD ning the two types 01 swtcnes in an S-DOX. ana ( j j  is tne resulting S-Box 
topo.ogy. ( l j ,  (gj: Unid rect onal sw.tcnes ds ng 2-10-1 m-1t.p e x e s  (h). I ) :  Jntd reclional SwIICheS ,sing Dotn tri-state o-llers 
ana 240.1 melt plexers. N-mber 01 configdration bits required mown 0e.ow eacn sw.tcn-Po nt. 

( 1: 6 Con1 g Eils 01 

466 



a larger flexibility than the buffer-based switch (4). 
Finally, switch (7) uses both multiplexers and tri-state 
buffers to create a switch with the same functionality as 
(4). Switch ( 5 )  tries to further compress the configuration 
memory needed by (4), however, the flexibility is reduced 
as only two tri-state buffers are allowed to be on at the 
same time, which also decreases the routability of the 
design. It should be noted that switch-points with reduced 
directions are still able to do all the possible connections 
between two sides by using two mi-state buffers in a row, 
but this uses more resources and creates more switching 
activity in the wires, as measured below. 

The standard subset switch-box topology shown in 
Figure Icj) was used as it was initially measured to 
provide better routability results than other topologies like 
the Universal and Wilton s-boxes [ 2 ] .  The boxes with full 
directions have a flexibility of Fs=3 (as defined in [9]). 
This value was initially chosen for simplicity and for 
creating interconnects that have the same functionality as 
the ones found in standard FPGAs. This flexibility 
measure does not apply to the switches with reduced 
directions, as these would have different values for each 
side. 

4. Performance Evaluation 

To compare these designs, an array with each type of 
switch-box was generated with UMCO.13 technology and 
the sample DCT circuit from [ I ]  was mapped on it. 
Standard ASIC design tools were used to measure the 
area, power and timing of the implementation on each 
array. 

The area of the switch-boxes can be split in two pans: 
the area needed for the actual switches and the area 
required by the configuration memory. as shown in Figure 
2. The values shown are based on flip-flop configuration 
memory; other alternatives such as latches would provide 
slightly less area. The area measurements also include the 
overhead in the metal routing required. which varies due 
to changes in the number of wires inside each box. 

13 Routing Overhead 

0 10,000 20,000 
Area (um2) 

Figure 2: Area of the s-boxes for 12-bit words-tracks. 

The relative power consumption and delays measured 
for each type of switch-boxes are shown in Figure 3. The 
power values measured are the average of all the switcb- 
boxes in the array, while the delays represent the longest 
path in each implementation. Similarly, the routability of 
each switch type is measured using the total wirelength 
reported by the routing program (Table I ) .  It should be 
noted that the ratio of Type I and Type 2 blocks in 
switch-boxes with reduced directions (implementations 
(4), (3, (6) and (7)) has an effect on the routability of the 
design depending on the data-flow. The total wirelength 
was measured for different ratios and it was found that for 
implementations (4) and (7) the lowest wirelength is 
achieved when around 65% of the switch blocks are of 
Type 1 .  For switch (6) the minimum wirelength occurs 
when around 60% of the blocks are of Type 2. 

As expected the highest areas and energies are 
consumed by the switch-boxes having full directions (I), 
(2) and (3). However, these boxes provide the lowest 
delays and best routability as the switches have a high 
flexibility which gives short interconnects. It can be 
clearly seen that the introduction of 3-to-I multiplexers in  
implementation ( 2 )  is inefficient as it increases the total 
power consumed by 29%. the area by Y05.2, and the 
delays by 37% when compared to tri-state buffers 
implementation in (1). Implementation (3) shows that no 
gain is achieved by compressing the configuration 
memory. as the area in (3) is 2.8% higher than in ( I ) ,  due 
to the high area occupied by the decoding circuit. This 
decoder also results in a slight increase of 3% in power 
over ( I ) ,  even though the decoder is not in the data path 
and hence does not get as much switching. 

It should be noted that these results depend on the 
number of bits in the word track of the array. The result 
also depends on the design library and cell-geometries 
used: other libraries used (UMCO. 18) showed results 
where (2) had up to I 1 %  lower area than ( I  ) for the same 
widths of tracks. 

The switch-boxes with reduced directions have 
considerably less area than the full directions ones. These 

1.6 
a 

(1) (2) (3) (4) (5) (6)  (7) 
Implementation 

Figure 3: Relative power consumption and delays. 
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switch-boxes also show between 7% and 14% more 
delays than the full switch box due to the longer routings 
created. Implementation (4) has half the area used by ( I )  
since the number of switches and configuration bits is 
halved. It also shows 27% less power than ( I )  since the 
load on the input lines has been reduced and we have less 
tristate drivers, hence less intemal node switching. 

In ( 5 ) .  for the chosen number of tracks, the area saving 
in configuration memory is less than the area occupied by 
the decoding circuit used, and hence ( 5 )  is 18% larger 
than (4). It should he noted that when the bit-width of the 
word track is increased, the number of configuration hits 
stay the same and only the area occupied by the switches 
is increased. It was measured that the use of compressed 
configuration memory as in (3) and ( 5 )  only offers area 
advantages for hit-widths below 8 and 4 respectively. The 
use of 2-10-1 multiplexers in (6) reduces the area taken by 
switches when compared to tr-state buffers in (4); 
however, more configuration bits are needed which makes 
the overall area of (6) 8% higher than (4). Furthermore, 
these 2-10-1 multiplexers in (6) do not add as much delays 
as the 3-10-1 multiplexers in (2). Implementation (7) has 
the lowest area, which is 20% smaller than (4), since the 
switches area is reduced by using 2-10-1 multiplexers and 
the number of configuration hits is kept the same. Switch- 
boxes (6) and (7) consume 8% to 12% more power than 
(4). while having around 20% less power than (1). 

In terms of routability, implementations (4), ( 5 )  and (7) 
with optimized ratios have a wirelength around 12% 
higher than the implementations with full-directions. 
Using switch (6) with the optimized ratio we get only a 
2% increase in wirelength over the full switch-boxes. 

5. Results 
From the above evaluations we can deduce that the 

compression of configuration data (as in (3) and ( 5 ) )  only 
provides some arc& reductions for low widths of word- 
tracks. The use of 3-to-I multiplexers (as in (2)) to 
implements full four-side switch blocks is inefficient as it  
increases the area, power and delays when compared to 
the use of tri-state buffers. Good results were achieved 
using switch-box with reduced directions ((4). (6) and (7)) 
when compared to full-directions switches. 

The half-box based on tn-state buffers (implementation 
(4)) has a low area. power consumption and delays but a 
large wirelength. Using 2-to-I multiplexers (as in (6)) 
allows big improvements in routability at a price of a 
slightly larger area. longer delays and higher power 
consumption. Finally, the lowest area is achieved by 
combining multiplexers and tri-state buffers in the box (as 
in (7)) which give low-power consumption but lower 
routability and longer delays. 

The measurement and values shown in this paper 
greatly depend on the implementation and the data-flow 
used; however, they represent what can be achieved when 
making domain-specific design optimizations to coarse- 
grain reconfigurable architecture. 

Table 1: Total wirelength for each implementation. For (4), 
(7), (5) and (6) the ratio of TypelKypeP with the lowest 
wirelenath is chosen. 
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