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W
orking within the application-specific integrated
circuit (ASIC) industry, time to market is very
important. With very deep submicron (VDSM)
processes, issues with timing enclosure, cell

placement efficiency, the antenna effect, signal integrity, etc.,
have impacted our ability to meet market requirements in a
timely manner. By focusing on the design process, two of the
major issues, the antenna problem and cell placement
efficiency, can be addressed. I propose using knowledge-based
priority placement (KBPP), which utilizes design knowledge to
simplify those two issues [2], [10].

ANTENNA EFFECT
The antenna problem has existed in the semiconductor industry
for more than a decade. In the production of the modern very
large-scale integration (VLSI) semiconductor, etching plasma is
used to deposit or remove material on wafers. The etching plas-
ma causes destructive charges to be built up on the wafer. This

problem is more critical in VDSM VLSI design since thinner
oxides are even more susceptible to damage. During wafer

manufacturing, aluminum or polysilicon wires in the
plasma ambient that are not covered with dielectric

material collect charges and serve as “antennas.” When the
potential becomes high enough, it will discharge through the
gate dioxide and cause cell damage. Damage can include electri-
cal stress that decreases the breakdown voltage of the gate oxide,
resulting in a decreased yield rate during wafer manufacturing.
It has been hypothesized that ultraviolet (UV) light bombard-
ment on the etching plasma during the manufacturing process
increases the antenna effect; however, I have found that it
increases the effectiveness of protection diodes, since they are
the miniature solar cells, and they conduct the charge instead of
the gate dioxide [1], [3], [8], [9].

Possible Solutions
To prevent this, we can dig a drainage trench, reduce the anten-
na lengths, insert jumpers in the post-layout phase, or connect
protection diodes as close to the input ports as possible. The first
two options are not feasible as they necessitate changing the
design of a completed chip during the manufacturing process.
Among these solutions, only post-layout jumper insertion and
protection diodes can be used in the physical design period.
However, even smart routers are not able to insert jumpers
because chips are so dense. 

Peter H. Chen

©
D

IG
IT

A
LV

IS
IO

N

IEEE CIRCUITS & DEVICES MAGAZINE  ■ MAY/JUNE 2004IEEE CIRCUITS & DEVICES MAGAZINE  ■ MAY/JUNE 2004

Authorized licensed use limited to: Mentor Graphics. Downloaded on September 30, 2009 at 19:39 from IEEE Xplore.  Restrictions apply. 



Jumpers also cause more time delay than diodes and cause
timing enclosure problems. The following calculation shows
the timing comparison between jumper and diode insertion
approaches. In jumper insertion, each jumper needs at least
two vias. In 0.35-µm technology, via resistance is around
10 �. In 0.25-µm technology or below (such as 0.18 µm), via
resistance is around 100 � or more. The bigger the resistance,
the worse the timing delay is. This phenomenon is more
severe in deeper submicron technology. 

R ′ = Rs × L
W

∼= 60 m� ∼= 3 − 10 �, (1)

where
Rs is the sheet resistance of metal
R ′ is the resistance of metal with length L.
If we use diode insertion, the diode capacitance is the fac-

tor that affects the timing delay. The following equation esti-
mates typical diode capacitance:

C ′ = Cox = εox

tox
= 35.5 µF/cm

0.4 × 10−5cm
= 0.86 fF/µm2, (2)

where
C is the capacitance of the original wire
C ′ and Cox are the capacitance of the inserted diode
εox is the permittivity of diode
tox is the thickness of the diode.
If we add one jumper (with two vias) and one protection

diode for a wire 350-µm long, we have the following estimate
timed delay:

τ = (R + R ′) × (C + C ′)
= R × C × (1 + R ′/R) × (1 + C ′/C ). (3)

Assume a wire with 60 � and 1-pF capacitance . If we com-
pare dropping two vias at 3 � (total 6 � versus dropping a
protection diode at 0.86 fF from (3), we can see that the delay
caused by the protection diode (C ′/C ∼= 0.86 fF/1 pF ∼= 10−3)

is much less than that caused by the jumper insertion [or
router option] (R ′/R ∼= 6/60 ∼= 0.1). Therefore, the timing
delay caused by dropping the diode is negligible.

Simulation Results
Figures 1 and 2 simulate the inverter with a protection diode
during the manufacturing process. The protection diode size
also affects the cumulative current. Assume a current pulse is
generated from the etching plasma into the input gate. The
input gate is protected by a protection diode with area
1 × 1 µm2. The plasma current source (Is) is set to the follow-
ing conditions:

✦ current amplitude = 10 mA
✦ period = 20 ns
✦ pulsewidth = 5 ns
✦ 1 ns in both the rising and falling edge
✦ initial delay = 2 ns.

Resistors R1, R2, and R3, are set to 5 �. Capacitances C1, C2,
and C3 are set to 0.75 pF. Both n-channel metal-oxide semi-

conductor (NMOS) and p-channel metal-oxide semiconductor
(PMOS) are tied to ground. Voltages are measured and dis-
played at Node NI and the input port (Node N3). Since the
protection diode provides drainage, the plasma current at the
input gate is kept to zero (Figure 2). 

Figure 3 illustrates the normal operation of a circuit when
voltage is applied to the chip. The SPICE model during circuit
operations (in Figure 4) shows that the diode does not inter-
fere with the integrity of the signal when a pulse is input
through the input gate. The protection diode has an area 
of 1 × 1 µm2. The input current source (Ic) is set to the fol-
lowing conditions:

✦ current amplitude = 10 mA
✦ period = 20 ns
✦ pulsewidth = 5 ns
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1. Analogy of protection diode fixing antenna problem 
during  manufacturing.

2. SPICE simulation: input port is grounded by the protection diode.
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✦ 1 ns in both the rising and falling edge
✦ initial delay = 2 ns.

Resistors R1, R2, and R3, are set to 5 �. Capacitances C1, C2,
and C3 are set to 0.75 pF. Both NMOS and PMOS are tied to
ground. Voltages are measured and displayed at node (I) and
the input port (Node N3). 

In Figure 4, the shift between the solid line V (NI) and the
dotted line V (N3) is caused by the capacitance and resistance
between them. The area of the diode (e.g., increasing the
diode size from 1 µm2 to 3 × 1014 µm2 ) has a negligible
effect. The leakage currents introduced by the protection
diode are discussed in previous papers [4].

Antenna Ratio: A Typical Example
Note that the antenna rule violation definition is foundry and
process specific. Using a typical 0.25-µm (five-metal) process
design rules as an example, the antenna ratio is defined using
the total perimeter area of metal wire as the numerator and
the gate area as the denominator:

antenna ratio = [2 × (L1 + W1) × t ]
W2 × L2

, (4)

where:
L1 is the floating metal length connected to gate
W1 is the floating metal width connected to gate
t is the metal thickness
W2 is the connected transistor channel width
L2 is the connected transistor channel length

The antenna ratio for a typi0.25 contact (CO) and via1–via4 is:

antenna ratio = total contact (via) area
W2 × L2

. (5)

The thickness of M1-M4 is 5,700 Å. The thickness of M5 is
9,900 Å. Figure 5 shows the dimensions of the above equation.

Protection Diode Structure
Protection diodes are categorized as N-diode with N+ ion
implement mask layer (N-IMP) or P-diode with P+ ion imple-
ment mask layer (P-IMP) in this article. Figure 6 shows the
top view of the protection diode structure. 

Figures 7 and 8 show the side view of a P-diode for the
PMOS process and an N-diode for the NMOS process, respec-
tively. N-IMP, P-IMP, and a diffusion mask layer (DIFF)  are the
fundamental mask layers. PDIFF and NDIFF are derived from
these fundamental mask layers. Both types of protection diode
can be dynamically dropped after the placement is done. Since

4. SPICE simulation: Input port is protected by diode during the
normal operation.
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the protection diode is very small (1 × 1 µm2) compared to the
cell size, it is not difficult to find empty area (NMOS or PMOS)
to drop the protection diode or readjust a little bit of the cell
location to get the space after the final placement.

Leakage 
Protection diode solutions are not without disadvantages,
however. Currently, cell library vendors embed one to three
protection diode(s) on each input pin. Because each standard
cell contains multiple input pins, million-gate chip designs
would then contain several million protection diodes. Accord-
ing to our experience the majority of those diodes are not
used. In addition to increasing manufacturing costs, the
capacitance of each diode produces a very small leakage cur-
rent, decreasing chip performance and leading to timing
degradation. In fact, we experienced timing degradation up to
60% or worse, i.e., a desired 100-MHz chip may operate at
33.3 MHz when millions of diodes are employed. In fact, we
have reduced the number of protection diodes needed from
millions to hundreds by dropping them as needed at locations
of antenna violations. Therefore, the post-layout dynamic pro-
tection diode dropping approach seems to increase efficiency
in both performance and cost. However, due to the post-lay-
out nature, even the reduced number of diodes is difficult to
place on a congested design, resulting in a failure to fix the
antenna problem after the routing is done.

Proposed Solution
The antenna effect problem should be solved after final cell
placement and before routing. Protection diodes are very

small (about 1 × 1 µm) compared to the standard cell size.
They are easily inserted between the rows, cells, or any-
where in the design. At this phase, we can adjust cell loca-
tion and avoid congestion or rerouting (which is extremely
time consuming and difficult in the post layout phase). It is
possible to reasonably predict where antenna problems will
arise. By enclosing each input and output pin within a
bounding box and calculating the half-perimeter [2], we can
pinpoint values that will cause antenna violations. Note that
in situations of multiple fanout (one output pin drives sev-
eral input pins), the summation of multiple half perimeters

6. Protection diode top view.
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will be required. Even if this method of estimating antenna
violations is not 100% accurate, congestion will be so much
reduced that any violations discovered in the post-layout
phase will be corrected much more easily. 

CELL PLACEMENT
In order to avoid wasted space in the hierarchical design,
our hierarchical design blocks are flattened into the top
level, which contains 1.2 million logic gates. Only the
third-party library blocks, such as digital-to-analog con-
verters (DACs), phase-locked loops (PLLs), and memory
blocks, are still kept. Commercial tools using generic
approaches, such as quadratic programming, genetic algo-
rithm, genetic evolution, or simulated annealing, have
been unable to fully  optimize ef f iciency with these
approaches. Quadratic programming without constraints
results in overlapped cells. Constrained quadratic program-
ming requires linearization of the constraints by taking the
Taylor expansion of the constraints. For blocks with more
than 25 modules, it is not practical to solve linear equa-
tions with these linearized constraints for millions of cell
modules. In addition, the constrained quadratic program-
ming can be used to solve rectangular modules, but not the
rectilinear modules common to ASIC design.

Cell placement currently can take from several days to several
months since cell placement and routing are negative-positive
(NP) problems, and the time to solve them grows in an exponen-
tial manner. For the same reason, the tools exhaust memory
resources, resulting in core dump problems. Both of these issues
negatively affect time to market. Mathematicians continue to
struggle for a solution to the NP problem. This is not the
approach I choose to take. Instead, I attempt to use a heuristic
approach to simplify the existing problem domain. In other words,
it is possible to use knowledge of design and design constraints to
simplify the process without solving the NP problem [2].

Proposed Solution
This article proposes a simplified model that uses input/out-
put (I/O) constraints based on the given package type. This
method is not suitable for initial prototyping or other situa-
tion where the I/O position is unknown. Using the circuit lev-
elization offset and the algebraic median of the associated I/O
position, the initial cell placement is obtained. Circuit lev-
elization determines:

1) the possible row numbers for each cell
2) the maximum number of siblings for each cell
3) the maximum level for each net by traversing the netlist

connectivity from I/O input to I/O output.

8. N-diode structure for NMOS process.
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The final placement is prioritized by timing constraints and
is determined through combinatorial annealing. The
annealing area is bounded by multiple fanout, i.e., deter-
mining the column position inside each row based on the
timing cost function, and by multiple circuit levels, i.e.
determining the row number inside each column based on
the timing cost function. 

Combinatorial Annealing Model
Assume the standard cells (or gates) are positioned at the
center of each cell. Knowledge-based (restricted-area)
annealing is used to find the best suboptimal solution for
cell location within the rows, for a cell belonging to a sin-
gle circuit level, or within an area for a cell belonging to
multiple circuit levels. Some other annealing techniques
can be combined with restricted area annealing. 

The total wire length between gates is: 

1
2




M∑
i=1

NM∑
j=1

[
cij · (xi − xj)

2 + cij · (yi − yj)
2
] . (6)

The total wire length between gates and I/Os (boundary
constraints) is:

Mio∑
i=1

Nio∑
k=1

[
cik · (xi − xk)

2 + cik · (yi − yk)
2
]
, (7)

where
cij = 1 if i �= j, cij = 0 if i = j
M is the number of gates
NM is the number of nets in each gate
Nio is the number of gates connected to the I/Os
cij is the weighting of the net.

The timing constraints for a critical net from source
register s to destination register d can be estimated by
the half-perimeter during the placement period:

tmin ≤
Nrc∑
i=1

RiCi +
Ng∑
i=1

gatei + ant del ≤ tmax. (8)

In (8), the first term is the resistance-capacitance
(RC) delay of this critical path. The delay calculator can
be either Elmore or asymptotic waveform evaluator
(AWE). [2] The capacitances are calculated from the esti-
mated metal distribution of each layer with the intrinsic,
coupling, and fringe capacitances. The second term is the
gate delay in the selected critical path. The term
“ant_del” represents the delay caused by the protection
diode insertion. The delay data can be roughly estimated
by the half-perimeter method or calculated from prerout-
ing. Protection diode delay can be estimated by (5) with
R ′ = 0 and C ′ = 10−3 if only one protection diode is
dropped in the specified critical net.

With parameters defined as above, (6)–(8) can be
rearranged:

Minimize:

1
2




M∑
i=1

NM∑
j=1

[
cij · (xi − xj)

2 + cij · (yi − yj)
2
]

+
Mio∑
i=1

Nio∑
k=1

[
cik · (xi − xk)

2 + cik · (yi − yk)
2
]
. (9)

Subject to:
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tmin ≤
Nrc∑

i=1

RiCi +
Ng∑

i=1

gatei + ant del ≤ tmax. (10)

The final cell placement is annealed using (9) and (10).

KBPP
Figures 9 and 10 show the traditional (generic) design flow ver-
sus the proposed KBPP design flow. In the generic design flow,
timing constraints and I/O constraints are optional. In KBPP,
the timing constraint, I/O constraints, and dynamic protection
diode insertions are required. KBPP uses the constraints as pre-
knowledge to determine the cell’s locations to replace the tradi-
tional quadratic programming approach, which is time
consuming and results in overlapped cell locations.

Floorplanning and Timing Constraint Preparation
1) Carefully design the top-level pin orientations and loca-

tion of large blocks, such as memory, DAC, PLL, and
datapaths. Blocks should be placed near the top-level
boundary and their pins placed along the sub-block
boundaries that do not overlap the top-level boundary.
Top-level pins should be placed along the boundary
away from the overlapping area, also. Determination of
I/O locations and directions is the most critical step at
the beginning of chip layout. It is necessary to perform
several I/O layouts and placements to examine the rout-
ing congestion in both rows and columns. Once the
locations are determined, revised chips should maintain
the I/O locations. 

2) For prototype chip designs, carefully constrain the I/O
position with the designer and with floorplanning tools
based on connectivity. After the I/O position is set on the
prototype, subsequent revisions do not need to go
through this step. 

3) Generate the timing constraint for the critical net and
check whether or not it is reasonable. The timing con-
straint for all critical paths should be prioritized, e.g.,
from one register (dstw) to the RF register is 8 ns, tstd
register to HIF block is 7.8 ns, etc. Those critical paths
should be prioritized (by logic design) and placed within
a bounded region (in physical design).

4) Add protection diodes to nets with antenna violations
(Figure 11). The typical size for the protection diode (or a
tap) is about 1 µm2, which is very small compared to the
typical standard cell size (e.g., JK-Flip Flop size
35 × 10 µm). The protection diode (either n-protection
diode or p-protection diode) should be attached as close
to the input port as possible. The antenna violation wire
can be determined by traversing the placement cell loca-
tion with the netlist associated with them. The protection
diodes should never be dropped on power and ground
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10. KBPP flow.
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rails. The dropped protection diode and JK-Flip Flop are shown
in Figure 12.

Cell Levelization
In KBPP, the cells are arranged by horizontal and vertical lev-
elization (such as VL-1, VL-2, VH-1, VH-2, etc.) while traversing
the netlist as shown in Figure 13. Due to the different paths
traversing, each cell can have different circuit levels. Those cir-
cuit levels are stored in linked lists. If the cell is a single circuit
level, the row number for this cell is fixed. If the cell contains
multiple circuit levels, the final cell placement performs the
restricted area refinement based on multiple circuit levels.

Initial Placement
Assume the I/O and macros location/directions are properly
floorplanned. The locations of initial cell positions are
obtained by the simple algebraic median plus the level offset
of the cell, as shown in Figure 14. If the maximum number of
rows for any cell associated with a specific net exceeds the
given number of rows, multiple columns or rows are required
to place the cells. The multiple columns for a specified net can
be determined by the following equation: 

MUL col = round
(

Circuit level
Max col

)
+ 1, (11)

where
✦ MUL_col is the column number will be placement 

for the specified net.
✦ Circuit_level is the number of the circuit level after

the circuit levelization.
✦ Max_col is the maximum column specified by the

user.
Cell congestion along one row can be treated in the same way. 

Analyze the Placement with Histogram
Analyze the vertical congestion, horizontal congestion, verti-
cal cell-area occupancy, and horizontal cell-area occupancy.
This data provides direction for iterative placement improve-
ment. This step is mainly useful for refining cases of highly
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12. Dynamic drop n-protection diode or p-protection 
diode during the placement.
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asymmetrical or highly fanned
out circuitry. 

Perform the Post-Layout
Antenna Problem Fix

There should be no antenna
problem since protection
diodes are added during the
placement period. If antennae
exist, dynamically drop pro-
tection diodes to fix the
antenna net. Some extension
wire can be added to provide more space to add protection
diodes, as shown in Figure 15. A smart router, which
reroutes the antenna violation net, can also be tried. Start
from the top of the input port of the topmost layer and route
down to the output port. 

KBPP Algorithm
The major KBPP algorithm is
summarized as follows:

1) Prioritize the netlist by
timing constraints.

2) Traverse each cell by the
netlist. Find all the associ-
ated I/O cells for each net
and levelize the cell both
vertically and horizontally.

3) Traverse the netlist and
find cell locations by tak-

ing the median of the cell’s I/O locations and the offset
of the circuit levelization.

4) Perform the final placement. 
5) Map vertical and horizontal congestion and adjust,

arrange, or fold the cell position by modulating the row
number. This step is for asymmetric layouts, such as
datapath blocks or high fanout circuitry. 

6) Traverse the net and find antenna violation locations.
Estimate the wire length using the half-perimeter of the
bounding box [2]. Place a protection diode at the input
port of cells associated with the antenna violations.

7) Perform clock synthesis and routing.

Result Comparison
Table 1 shows the comparison between the KBPP with post-
layout antenna fixing and quadratic placer.

Chip Example
This article uses two chip designs to illustrate the differences
of the generic approach and the KBPP approach. The first
design is the hierarchical design, containing one DAC block,
one PLL, and about ten hierarchical glue logic blocks. Each
level of modules contains around 100–300 K cells. The gener-
ic solution is able to handle it on each level of hierarchy
properly. The second design is flattened containing
2 DAC blocks, 3 PLLs, and approximately 250 K more glue
logics than the first example. The number of gates on the top
level is about 1.2 million. Flattening the design allows the

chip to hold 25% more circuitry than
with the hierarchical design. However,
the generic solution is not able to handle
cell placement. The resulting cell place-
ment cannot resolve timing violations.
In addition, the process takes too long.

Figures 16 and 17 show the TeraLog-
ic designs used as test cases. A Sun-
Sparc workstation with eight CPUs
running in round robin fashion at 400
MHz with 14 GB of main memory per
thread was used to perform the first two
approaches to cell placement and anten-
na fixing. The KBPP placement was per-
formed on a PC, and the results were
transferred in physical design exchange
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15. Dropping protection diode during post-layout using extension wire
due to congestion.

Post-layout jumper Post-layout KBPP 
insertion with dynamic protection 
smart router diode insertion  

Circuit placement 5 hours (Sun Sparc  4–6 hours 20 min on a PC
time with 8 CPUs) (Sun Sparc with 

8 CPUs) 

Antenna violations Fixed 156 violations. Fixed 160 with five remaining. All fixed.
two remaining Router has difficulty to 

find the reroute space. 

Chip area 10% reserved for 5% reserved for congestion. 0% extra area 
congestion. reserved for antenna 

fixing 

Timing requirement Not met Met. Best timing delay Met 
in critical net 6.2 ns. 

Table 1. Result comparison.
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Diode

Output Port

Input Port

Reserved 20% Area
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Layout Net.

With VDSM processes, issues with
timing enclosure, cell placement

efficiency, the antenna effect, signal
integrity, etc., have impacted our

ability to meet market requirements
in a timely manner.

Authorized licensed use limited to: Mentor Graphics. Downloaded on September 30, 2009 at 19:39 from IEEE Xplore.  Restrictions apply. 



format (PDEF) or top design format (TDF) to the worksta-
tion. [5] In the hierarchical chip, since the number of cells
on the top level is within what the generic can handle, both
the generic and KBPP approaches work fine. For the flat-
tened type of chip with about 1.2 million cells (standard
cells, filler cells, I/Os, macros, pad cells, I/O filler cells) on
the top, the generic approach is not able to handle it proper-
ly. KBPP or another in-house tool using the simple cut
approach can meet the requirements.

CONCLUSION
KBPP, although introducing no new design theories, makes
significant progress toward resolving antenna effect and cell
placement issues by analyzing and simplifying the model. The
critical net should be considered as the highest priority for
placement routing to ensure timing. The placement speed
should be greatly improved by using the constrained locations
as preknowledge. 

Similarly, by using KBPP to anticipate antenna problems
and drop protection diodes as needed, efficiency is greatly
enhanced. The chips for which this approach was used needed
approximately 200–500 protection diodes during the placement
period, reducing the chip size by 25% without causing any con-
gestion, timing degradation, or decrease in chip performance.

DISCUSSION
This article focuses on using existing constraints and knowl-
edge to optimize efficiency and does not address timing opti-
mization by buffer insertion or gate resizing. This
knowledge-based cell placement approach was first tested in
datapath and memory cell placement, although no example of
the datapath placement is provided within this article.
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