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Abstract -A 0.8-pm CMOS sea-of-gates (SOG) array with first-level 

integrated on a 6x7"' chip. Implementation of a 64-bit multiplier 
shows @-percent gate utilization and density of 1410 G/md. The wiring 
length of the multiplier is 70 percent of that in a conv 
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HE COMPLEXITY of CMOS gate arr 
ued to increase as a key element for widespread appli- 

cations. Recently, the sea-of-gates (SOG) array architec- 
ture, which employs carpeting gates in a core area of a 
chp, has become indispensable to implementing large-scale 
systems [l], [ 2 ] .  The SOG has achieved almost 100-percent 
transistor utilization in an embedded RAM area. However, 
there remains the problem of low transist in 

Pi- the conventional SOG [3], because gate uti 
OgiC cally less than 35 percent in large-s 
and macrocell parts [l]. This paper discusse 
gate presents a new cell architecture to ac 

complexity in CMOS SOG. 

(Metal I )  Power Bus 

T 
Fig 1. Layout scheme of conventional gate-isolated SOG using RMC 

are defined as the directions along the gate length and the 
gate width, respectively. The BC's are carpeted in the core 
area of the SOG. The arrangement of the BC in the 
column direction is p-n-n-p channel type, which is effec- 
tive in reducing the BC height for a given channel width of 
PMOS and NMOS transistors. The p-n-n-p arrangement 
has an advantage resulting from the sharing of power lines 
and well contacts between neighboring BC rows. Each 
macrocell, shown by oblique lines, is imple 
expanding cell boundaries along and within a B 
enough gates are gathered for the macrocell. Thus, the cell 
archtecture is named row macrocell (RMC). The first-level 

channel whch is by one BC ro 
structure. Fig. 2 shows an example of 
distribution in a logc system laid out by 
structure. The horizontal axis indicates each assigned wiring 
channel number in the logic system, and the vertical axis 
indicates the track counts in each chann 
shows the track counts actually required f 
the logic system, while the solid line shows 

11. CAUSE OF LOW TRANSISTOR UTILIZATION 

A. Rough Track Allocation 

The problem has been examined) and It found that wiring runs along the BC row and on the first-level wiring there are two factors whch cause the waste of silicon in 
the logic parts. 

The first factor in the waste of silicon is rough track 
allocation. Fig. 1 shows a layout scheme for our conven- 

. A tional SOG using the gate isolation tech 
basic cell (BC) is a pair of PMOS and N 
in the gate-isolated SOG. In t h s  paper, ro 

allocated by our layout system. T 
usted coarsely because the variat 

Manuscript received March 31, 1989; revised M 
M. Okabe, Y .  Okuno, T Arakawa, I. Tomoka, T. Ohno, M Hatanaka, 

mitsu are with the LSI Research and Development Labora- 
s'm Electric Corporation, 4-1 mzuhara, Itarm, Hyogo 664, 

this case. Consequently, most of allocated tra 

for only a one-track shortage. This is the main reason of 
T Nods 1s with the ASIC Design Engineering Center, M i t ~ b i S b  remain unused. In the worst case, one BC row is allocated Electric Corporation, 4-1 Mizuhara, Itami, Hyogo 664, Japan 
IEEE Log Number 8929795 

0018-9200/89/1000-12S0$01.00 01989 IEEE 



OKABE et U/.: 400K-TRANSISTOR CMOS SEA-OF-GATES ARRAY 1281 

1st Level Signal Wire 

Fig. 2. 

- Allocated Unused 
--- Required Wiring Area 

1 10 20 

Wiring Channel Row 

Track distribution in SOG using RMC: allocated tracks versus 
required tracks. 

U0 Terminal 

Macrocell Row 

,, 
IFew Feedthrough Tracks1 Many Feedthrough Tracks 

LWiring Congestion and Detoured Wire1 
a 

Fig. 3. Part of RMC layout showing wiring congestion. 

the low transistor utilization in the logic parts. In other 
words, minimization of track increment is the key to 
increasing gate utilization. 

B. Wiring Congestion in Conventional SOG 

Fig. 3 illustrates a part of layout pattern in the conven- 
tional RMC structure. There are many feedthrough tracks 
on the right side. On the other hand, macrocell regions 
with very few feedthrough tracks frequently appear as 
shown on the left side, where primitive gates are placed 
closely. This is because the primitive gates such as NAND 
gates and NOR gates have no feedthrough track per macro- 
cell (see Section 111-C). In the wiring area adjacent to a 
region with few feedthrough tracks, local wiring congestion 
can occur. Moreover, when feedthrough wiring is blocked, 
some wires have to be detoured as indicated by bold lines. 
Therefore, preparing sufficient feedthrough tracks even in 
the primitive gates is essential to improve routability and 
to minimize the depopulated gates for feedthrough tracks. 

Some articles report that fine track adjustment is 
acllleved by reducing the BC height [6]. This approach, 
however, results in incomplete intra-cell wiring of macro- 
cell libraries. Employing an extra layer metallization is 
reported to improve the gate utilization due to the increase 
of wiring area [7], but this approach results in a longer 
turnaround time and lower fabrication yield because of 
extra process steps [8]. 
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Fig. 4. Layout scheme of SOG using CMC. 

To overcome these problems, a new cell architecture 
named column macrocell (CMC) is proposed. 

111. COLUMN MACROCELL 

A. Layout Scheme (Continuous Track Allocation) 

Fig. 4 shows a layout scheme of the CMC. Macrocells in 
the CMC structure are indicated by oblique lines. The BC 
of the CMC is defined as shown on the right side. The 
concept of the CMC is to implement any macrocell by 
stacking the BC's along the column direction until enough 
gates are accumulated for the macrocells. The second-level 
power lines are shared by every two adjacent BC rows. In 
the CMC structure, the first-level wiring runs along the 
poly-Si gate of transistors in the column direction. There- 
fore, the width of the first-level wiring channels is able to 
be incremented by one column of p-channel and n-channel 
transistor chains. For example, the channel A corresponds 
to a width of four columns, and the channel B has a width 
of seven columns. In other words, the track increment of 
the CMC is only one, which is the ideal value for track 
allocation. Consequently, only as many tracks as required 
in each channel are assigned in the SOG employing the 
CMC. This continuous track allocation is the key feature 
of the CMC. 

B. BC Design 

The macrocells of the CMC, except big cells such as 
RAM, are basically a poly-cell structure as described in 
Section 111-A. Therefore, the number of p- and n-channel 
pair transistors ( Npn)  in one basic cell including isolation 
transistor pairs was carefully determined after considering 
the trade-off between the feasibility of 130 different kinds 
of macrocell layout and the total macrocell area for imple- 
menting logic systems. Fig. 5 shows the total macrocell 
area ( A t m )  required for implementing logic systems and 
the number of layout-incomplete macrocells (NUm) as a 
function of N&. Logic system A consists of a large per- 
centage of primtive gates, while logic system B consists of 
a large percentage of complex gates such as flip-flops. 
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Fig 5. Total macrocell area required for logic systems versus number of 
p- and n-channel pair transistors in the BC 
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Fig. 7 Example of macrocell layout (three input NAND): (a) RMC and 
(b) CMC. 

Intracell wiring of all column macrocells is performed 
using only first-level metals and poly-Si gates. Since the 
width of a BC with Np,, of less than 8 is narrow for 
intracell wiring, there are layout-incomplete macrocells. 
When Npn is 8 or greater, A,, increases as Npn increases, 
Consequently, Np,, has been determined to be 8. Fig. 6 
shows the BC's of the CMC. First-level power lines run 
along the isolating transistors on both sides of the BC's, 
while second-level power lines are shared by adjacent BC's. 
All macrocells of the CMC are implemented by stacking 
BC's. 
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Metal 2 

Fig 8 Chip image of CMC. 

C. Macrocell Layout (Sufficient Feedthrough Tracks) 

CMC also has the advantage of having sufficient 
feedthrough tracks per macrocell 
Fig. 7 compares the cell layouts of 
a three-input NAND primitive gat 
layout pattern on the RMC stru 
feedthrough track per BC in the 
are used for 1/0 terminals. 

On the other hand, the CMC reserves 13 feedthrough 
tracks per BC as shown in Fig. 7(b). The cell layout of any 
column macrocell is performed using only first-level metals 
except for power lines. So, there remain nine feedthrough 
tracks in this gate. In any other multiple-input gates or 
more complicated gates using CMC, there exist sufficient 
feedthrough tracks for routing. This feature results in the 
reduction of detoured wires and net wiring length. 

D. Chip Image of SOG using CMC 
(Fine Mesh Power Distribution) 

Since the gate-isolated RMC does not have the capabil- 
ity of mesh power distribution per macrocell due to its 
variable-width structure and insufficient feedthrough 
tracks, a few wde power buses using second-level metals 
are used for power distribution as shown in Fig. 1. Loca- 
tion and size of big cells such as large macrocells and 
memories are restncted between the power buses. 

On the other hand, CMC prowdes a fine mesh power 
distribution. Fig. 8 illustrates a chip image of a SQG using 
CMC. The core area is constructed by carpeting BC's of 
the gate isolation structure. Since the CMC structure has 
sufficient feedthrough tracks per BC, the fine mesh power 
distribution per row and column of BC is available. This 
power distribution scheme makes it possible to place 
macrocells of any size anywhere on the CMC structure. 

Iv.  COMPARISON OF LAYOUT RESULTS 

A. Layout Experiment 

To compare the gate densities on the chip level using the 
CMC and RMC approaches, layout experiments have been 
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Fig. 9. Gate densities of the CMC and RMC approaches for 
logic systems as a function of primitive cell percentage. 

random 

performed based on the two types of BC's. The CMC BC 
consists of eight transistor pairs as described in Section 
111-B, while the RMC BC consists of one transistor pair. 
P- and n-channel pair transistors in the two types of BC's 
are defined as equal in both directions along the gate 
length and the gate width. Wiring pitch is set equal in the 
CMC and RMC. 

Since the CMC does not require special layout tools, all 
layouts are completed using an in-house layout system 
which has been used for the conventional RMC structure 
[5 ] .  The layout is as follows: 

1) placement is performed using the min-cut method 
so that cut lines are set to give priority to second- 
level wiring; 
prior to routing, in-house program "CHANTA" 
counts the required tracks in each wiring channel 
and decides automatically how many columns or 
rows of p- and n-channel transistor chains have to 
be used as wiring channels in the CMC and RMC 
cases, respectively; 

3) loose routing and detailed routing based on a chan- 
nel router are performed. 

2) 

B. Layout Results 

Although the CMC structure has advantages in layout 
over the gate-isolated RMC, unused transistors are un- 
avoidable the same as in the usual oxide-isolated BC 
structures, especially in primitive macrocells such as NAND 
gates. Thus, three types of random logic systems, which are 
classified by the percentage of primitive macrocells, have 
been chosen for the layout experiment using CMC and 
RMC. 

Fig. 9 shows the gate density in three types of logic 
systems. The gate counts of samples A ,  B, and C are 
28.5K, 18.5K, and 17K gates, respectively. The horizontal 
axis indicates primitive macrocell percentage. In the com- 
parison, the primitive macrocell means inverter, two-input 
AND, two-input NAND, or two-input NOR, and the total cell 
count means the number of macrocells utilized in each 
circuit. The gate density is normalized by the value of the 
RMC to 47-percent primitive macrocells, which is the 

TABLE I 
COMPARISON OF LAYOUT RESULTS OF CMC AND RMC 

Sample A Sample B Sample C 

RMC CMC RMC CMC RMC CMC 

CoreAreaSlze(md) 36.8 29.5 26.3 23.1 27.2 25.3 

MacrocellArea(%) 48.3 57.5 37.3 48.6 31.6 45.5 

Wiring Area (%) 51.7 42.5 62.7 51.4 67.4 54.5 

Used Feedthrough 33715 35030 15266 29040 14000 35085 
Count 

Average Wiring Length 0.68 0.43 0.91 1.05 0.88 0.84 
("t 

(1st Level) 0.23 0.20 0.42 0.44 0.45 0.35 

(2nd Level) 0.45 0.23 0.49 0.61 0.43 0.49 

Primitive Macrocell (e?) 17 35 47 

Macrocell 
Column 

1st Level 
Wiring Channel I 1st Level 

Power Line 

2nd Level 
Power Line 

Fine Mesh Power Distribution 

Fig. 10. Configuration of SOG employing CMC. 

largest percentage in the circuits that we have ever imple- 
mented on SOG. CMC achieves 1.08 to 1.31 times higher 
gate density than that of RMC. 

Table I summarizes the layout characteristics. The 
macrocell areas and the wiring areas are shown with per- 
centages to the core area size. The wiring areas of the 
CMC are 60 to 75 percent of those of the RMC because of 
increases in the used feedthrough tracks. The macrocell 
area of the CMC grows larger than that of the RMC as the 
primitive macrocell percentage increases. Consequently, 
the advantage of CMC over RMC decreases with the 
increased primitive macrocell percentage. These results, 
however, indicate that the CMC approach achieves a higher 
gate density than the conventional RMC approach in most 
types of logic systems. 

V. CHIP DESIGN 

A. Configuration of SOG 

The effectiveness of the CMC structure has been verified 
by fabricating a SOG chip. Fig. 10 shows a configuration 
of the SOG employing the CMC. The p- and n-channel 
transistor pairs are arranged in 152 rows by 1324 columns. 
Macrocell columns, first-level wiring channels, and first- 
level power lines run vertically, while second-level power 
lines run horizontally. One BC is magnified in the center 
of Fig. 10. 
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TABLE I1 
FEATURES OF SOG CHIP 

~ 

Technology 0.8pm CMOS Twin well structure 

Gate length 0.8pm (LDD PMOS and NMOS) 

Wiring pitch 

Basic cell size 

ZNAND gate delay 160 ps 

Loaded gate delay 405 ps (INAND, FO-3, AI: 3") 

Number of transistors 402,496 

Number of raw gates 67 KG ' 
Chip size 

2.4pm for A l l ,  A12 

(38.4 x 3.6 pm*) x 8 

6 x 7 mm2 

800 

g 600 
I 

h 

i 400 a 

Double Drive 200 

0 
0 1 2 3 4 5  0 1 2 3 4 5  

Wking Length (mm) Fanout 

(b) 

tenstics of two-input NAND: (a) delay versus wiring 
length and (b) delay versus fan-out. 

B. Features (Technology and Delay Characteristics) 

Table I1 shows the features of the SOG master chip. A 
0.8-pm CMOS technology is employed usi 
tors in a twin-well structure combined 
metallization. The physical gate length of both PMO 
NMOS transistors is 0.8 pm. The metallization pitch of 
both first- and second-level wiring is 2.4 pm. The size of 
one p- and n-channel transistor p a r  is 38.4 X 3.6 pm'. The 
BC size is 38.4 X 28.8 pm2. 

De€ay characteristics of internal gates are measured from 
ring oscillators implemented on the SOG chp. Fig. ll(a) 
and (b) shows the delay of two-input NAND as a function 
of wiring length and fan-out, respectively. A double-drive 
type gate is used to dnve heavy loads. Two-input NAND 

unloaded delay is 160 ps. The loaded gate delay of the 
double-drive gate is 405 ps for two-input NAND with a 
fan-out of 3 and 3 mm of wiring. 

There are 402 496 transistors, which is equivalent to 
67 000 raw two-input NAND gates. The chip size is 
6 X 7 mm2. 

VI. APPLICATION 

A .  64-bit Multiplier 

As an application, a 64-bit X 64-bit parallel multiplier 
employing the carry-save method has been implemented. 
Fig. 12 shows the block diagram of the multiplier which 
consists of two sets of 64-bit input re 
adders, 64 full adders, and 128-bit output registers. The 
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Fig. 12. Block diagram of 64 X 64-bit multipher 

Fig 13 Chip photomicrograph of 64 x64-bit multiplier employing 
CMC structure C h p  size is 6 X 7 mm2 

full adder with two-input AND input, which is one of our 
macrocell libraries, is used for the carry-save adder. The 
complexity of the multiplier is 40 000 gates. 

B. Chip Photomicrograph 

Fig. 13 shows a photomicrograph of the multiplier laid 
out on the SOG master chip. The macrocell columns run 
vertically. There is no wide power bus. The chip size is 
6x7 mm'. 

Fig. 14 is a photomicrograph showing a part of the 
multiplier using the CMC structure. Macrocell columns 
and first-level wiring run vertically. The width of the 
first-level wiring channels is adjusted so finely that unused 
wiring areas are minimized. Sufficient feedthrough wiring 
prevents local wiring congestion. 

C. Layout Characteristics of Multiplier 

Table I11 summarizes the layout characteristics of the 
multiplier by comparing them with the RMC case. CMC 
and RMC are defined as equal in both the p- and n-chan- 
ne1 transistor-pair size of 38.4 X 3.6 pm2 and the wiring 
pitch of 2.4 pm. The size of the core area is 5.88 X 4.82 
mm' using the CMC. On the other hand, it is 9 .19~4.82  



OKABE et al.: 400K-TRAN&3TOR CMOS SEA-OF-GATES ARRAY 

Core area 

Gate utilization 

Gate density 

1285 

5.88 x 4.82 mm2 

60 % 38 % 

1,410 G / m 2  902 G/mmz 

9.19 x 4.82 mm2 

Fig. 14. Part of multiplier. 

TABLE I11 
CHARACTERISTICS OF 64 X 64-BIT MULTIPLIER 

I I Column MacrocellFRow M a c r o c e i l  

I Ratio of wiring length 11 1 I 1.44 I 
I I Multiplication time 11 1 0 0  ns I 121 no 

L I1 I J 

mm2 using the RMC. High gate utilization of 60 percent 
and gate density of 1410 G/mm2 have been achieved. 
These values are 1.5 times greater than those of the RMC. 
Moreover, the improved CMC layout density reduces the 
net wiring length down to 70 percent of that in the 
conventional SOG. The total wiring length in the critical 
path is 127 and 229 mm in the CMC and RMC, respec- 
tively. As a result, fast multiplication time of 100 ns has 
been achieved, which is 83 percent compared with that of 
the RMC. 

VII. SUMMARY 

The CMC architecture has been proposed from our 
examination about the waste of silicon in the conventional 
SOG. The CMC provides three advantages in layout: 
continuous track allocation, sufficient feedthrough wiring, 
and fine mesh power distribution. The effectiveness of 
CMC has been verified by fabricating a 0.8-pm CMOS 
SOG chip. The 64-bit multiplier utilizing 40 000 gates has 
been full-automatically laid out using the CMC architec- 
ture on the 6X7-mm2 SOG. High gate utilization of 60 
percent and high gate density of 1410 G/mm2 are ob- 
tained for the multiplier. Our layout results prove that the 
CMC architecture is effective in achieving higher gate 
density in CMOS SOG. 
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