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Abstract: Antenna effect is a phenomenon in the plasma-based nanometer process. The metal wire directly exposed to plasma may
accumulate sufficient charges to damage thin gate oxide and furthermore influence chip reliability. This work proposes a
discharge-path-based antenna detection and fixing with jumper insertion algorithm for X-architecture clock tree. The layer
assignment technique is integrated with the proposed algorithm to reduce inserted jumpers. Given an X-clock tree with n clock sinks,
layer configuration, and the upper bound of antenna effect, the proposed algorithm named PADJI can run in O(n?) to achieve antenna
violation free and consider via timing impact caused by jumper insertion during skew compensation. In terms of number of inserted
jumpers, clock delay, power consumption, and required total via cost listed in the experimental results on benchmarks, PADJI can
fix antenna violations and achieves improvements of 48.21%, 0.0242%, 0.0186%, and 20.36%, respectively, compared with other
jumper insertion method for X-clock routing.

Keywords: Antenna effect, clock tree, design for manufacturability, jumper insertion, layer assignment, X-architecture routing.

I. Introduction

With the continuous and rapid increasing complexity of very-large-scale-integration (VLSI) designs in present
nanometer fabrication technologies, product reliability and manufacturing yield have become important issues in design
and manufacture fields [1-2]. The fine feature size of modern IC technology is typically achieved by using
plasma-based processes. In nanometer era, more stringent process requirements cause some advanced high-density
plasma reactors applied in the production lines for achieving fine-line patterns. However, the plasma-based process
contains a potential behavior to charge conducting components of fabricated structures. The announced experimental
results report that the accumulated charges may affect the quality of thin gate oxide [3]. This phenomenon is called an
antenna effect or a plasma-induced gate-oxide damage.

During wafer manufacturing, the metal wire not covered by a shielding layer of oxide is directly exposed to plasma
and accumulates sufficient charges to affect the quality of thin gate oxide. Chen and Koren [4] proved that the amount
of such charging is proportional to the plasma-exposed area and they also defined the ratio of plasma-exposed area,
As metal, to gate-oxide area, Apqy, as an antenna ratio, AR, to predict the antenna effect. The definition of AR is given as
follows.

AR = plasma - exposed area _ A retal <k, @9
gate - oxide area A
where ki, is the threshold of AR.

For a metal wire with width wy, length, ly, and thickness ty, as shown in Fig. 1(a), Asmetar and Ay are defined as
2(wytlwtw and wyly, respectively. According to TSMC 0.18um technology file [5], the required ky, is 400 and the
upper bound of antenna effect, Ly, can be derived as 200um. If the length of a metal wire or the accumulated length of
concatenate metal wires is longer than Ly, an antenna violation will be occurred. Thus, the upper bound could be a
limited length, a limited exposed area, a ratio of antenna strength (length or area) to gate-oxide area, or a model of
antenna strength caused by conductors.
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Fig. 1. (a) A metal wire and (b) a cross-section view for illustrating antenna effect.

Take the cross-section view shown in Fig. 1(b) as an example. The manufacturing process supports four metal layers
and all the interconnects are manufactured in the order of poly, metal 1, metal 2, metal 3, and metal 4. Obviously, metal
3 is the topmost layer, Ly, in this structure, as shown in Fig. 1(b). The total exposed wire areas of the gate oxide are
counted from poly (segment 4), metal 1 (segment 3) to metal 2 (segment 2) and may accumulate enough charges to
damage the gate oxide with Fowler-Nordheim (F-N) tunnelling current through the discharge path [6-7]. The wire area
of/after the topmost metal layer is irrelevant to the antenna consideration [6]. Hence, the accumulated length of gate
oxide is the sum of the lengths of segments 2-4. If the accumulated length is longer than L., an antenna violation will
be introduced.

In order to eliminate or reduce the number of damaged gates in the plasma-based processes and to ensure reliability
of ICs, a routing rule considering antenna effect is derived. It follows the allowable maximum antenna size or antenna
ration [4-5] to determine an antenna violation. Three popular solutions for fixing the antenna violation are introduced as
follows.

1) Insert a jumper to break the wire which has antenna violation. This method can shorten the wire which collects
charges during manufacturing but incurs extra two vias for each jumper for connecting higher layer, as shown in Fig.
2(a). The accumulated length of gate is the sum of the lengths of segments 4 and 5 after jumper insertion. Ho et al. [8-9]
proposed an antenna avoidance full-chip routing with jumper insertion for spanning trees. Su and Chang [10-13]
proposed an optimal greedy jumper insertion algorithm to minimize the number of jumpers in a spanning tree
without/with obstacles. They gave the range of Lyax as S0um to 200pum for 90nm to 250nm CMOS technologies.

2) Assign the antenna-critical wire with the highest layer, as shown in Fig. 2(b). Wu et al. [14-15] applied layer
assignment technique to fix antenna violations by a steiner-tree partition algorithm.

3) Embed a protection diode on each input port of a standard cell during layout design to prevent charge damage, as
shown in Fig. 2(c). This solution may consume the cell area resources and increase manufacturing cost. Moreover, the
diode is always embedded even the wire connecting the cell is antenna violation free. Huang et al. [16-17] transformed
the antenna-critical wires, routing grids, and feasible positions for placing diodes into a flow network, and then, solved
the diode insertion and routing problem with minimum-cost network-flow algorithm. Jiang and Chang [18-19] applied
both diode and jumper insertions to achieve high antenna fixing rate due to limited routing resource in a chip.
According to TSMC 0.25um technology file, they gave Lya as S0um and 100pum in the experiments.

In modern high-density VLSI routings, the diode insertion solution will cause layer congestion problem, increase
extra capacitances on wires, and generate leakage power. Thus, the jumper insertion solution is more popular than the
former one and guides the router or physical synthesis tools to achieve antenna violation free and higher yield.
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Fig. 2. Fix antenna violation with (a) jumper insertion, (b) layer assignment, and (c) embedded diode.

As VLSI fabrication technology gets into deep-submicron (DSM) era and faces process variation, interconnect delay
gradually dominates chip performance. Hence, minimizing clock delay and clock skew of synchronize designs are
important for preventing fault functions induced by different arrival times. Moreover, the antenna effect should also be
considered during manufacturing clock tree. Many previous literatures [6-17] proposed their methods applying one or
more of the above three solutions to fix antenna violations for general routings. Tsai et al. [20] first solved the antenna
effect with jumper insertion and layer assignment methods for X-clock routing and named the proposed algorithm JILA.
However, the approach detects all the antenna violations with the topmost layer of layer configuration not the discharge
paths connecting gates. Hence, the number of antenna violations will be over-estimated and result unnecessary inserted
jumpers, worse clock delay, more via cost, and extra power consumption.

Because inserted jumpers introduce extra vias and degrade the timing performance of clock tree, accurate antenna
effect detection, effective jumper insertion, and compressed via timing impact are desired. This work proposes a
discharge-path-based antenna effect detection algorithm for a given X-architecture clock tree and then inserts jumpers
to fix antenna violations. Furthermore, a wire sizing technique is employed to maintain zero skew of X-clock tree after
inserting jumpers with extra vias. Experimental results based on the clock routings generated from the X-architecture
clock router in the study in [21] on three sets of benchmarks indicate that the proposed algorithm can significantly
achieve more improvements in the number of inserted jumpers, clock delay, skew, via cost, and power consumption
compared with JI and JILA [20], respectively.



Il. Problem Formulation

In order to detect and fix antenna violations, the metal wires those not only connect gates but also collect charges are
the discharge paths and should be visited. Next, the total lengths of discharge paths are compared with the upper bound
of antenna effect, L, The objective of this work is to detect antenna violations with discharge paths in a given
X-clock tree, and then, all the violations are fixed with minimum number of inserted jumpers. After inserting jumpers, a
wire sizing technique is used to compensate clock skew. This work applies PMXF algorithm [21] to construct the initial
clock tree based on X-architecture [22]. In the layer configuration of the adopted X-architecture, the horizontal and
vertical wires are assigned with metal 1 (M1) and metal 2 (M2), as well as, £45° wires are assigned with metal 3 (M3)
and metal 4 (M4), respectively.

Figure 3 illustrates antenna effect and fixes antenna violation with jumper insertion. A part of clock tree based on
X-architecture is shown in Fig. 3(a) and s; and s; are clock sinks. A sink is the clock input port of a standard cell or an
IP (intellectual property). Pg(Si, Sj) is the bending point and one or two more vias are inserted at the point to connect
different metal layers. P+(S;, ;) is the tapping point [23] of s; and §; for determining zero skew property of clock tree.
Figure 3(b) is the cross-section view of Fig. 3(a) and two discharge paths, DP, and DP,, through clock sinks, S; and s,
respectively, are presented.
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Fig. 3. Illustrations of antenna effect and fixing. (a) X-based wires connect two sinks, S and s;, (b) the cross-section view of (a), (c) a jumper is
inserted to fix antenna violation, and (d) the cross-section view of (c).

During metallization, chips are usually manufactured “layer-by-layer.” When a metal interconnect is being
assembled, it will contain several pieces of metals. Long interconnects act as temporary capacitors and accumulate
charges gained from the energy provided during fabrication steps such as plasma etching or chemical mechanical
polishing (CMP). When a long metal connects a thin gate oxide or clock sink, the accumulated charges will be
discharged through the discharge path of clock sink. Meanwhile, if the length of DP is longer than L, the clock sink
that DP flows through will be damaged. As shown in Fig. 3(b), DP; is the discharge path of s;. The accumulated length
of Sj, Lacu(Si), is the sum of the lengths of segments 9-12 due to metal 4 is the topmost layer, Loy, of DP;. When a sink
directly connects the topmost layer of discharge path, like s;, this sink will not surfer antenna damage [9]. In contrast, S;
has another discharge path, DP,, and Lacy(S;) is the sum of the lengths of segments 1-4 due to metal 4 is Ly, of DP,.
Because Lag(S)) is longer than Ly, Sj has antenna violation. Hence, this work applies the technique illustrated in Fig.
2(a) to insert a jumper on a wire connecting Sj to reduce the length of effective conductor associated with sink s;. Fig.
3(c) shows that a jumper is inserted on the wire connecting S; and Pg(s;, S)) to break the original discharge path. Here,
the distance between s; and the inserted jumper is Lyax. Figure 3(d) is the cross-section view of Fig. 3(c). After inserting
a jumper, DP, can be shortened to the sum of the lengths of segments 1-3. Segments 5 and 6 will not collect charges
due to they are floating [9]. As aforementioned, jumpers are implemented with vias which will consume extra routing
resource and increase delay time. Therefore, it is desired to minimize the number of inserted jumpers during fixing
antenna violations.

Based on the above discussion, this work visits each sink in the given X-clock tree and then determines how many
sinks have antenna violations with their discharge paths. Next, jumpers are inserted on the metal wires to fix all the
antenna violations and the number of inserted jumpers should be minimized. Thus, the problem of antenna detection
and fixing for an X-clock routing can be formulated as follows.

Given an X-clock tree with a set of n clock sinks, S={s;, S,, ..., S}, layer configuration, and the upper bound of
antenna effect Ly, the objective of this work is to detect and fix antenna violations in the given X-clock tree with
jumper insertion and maintain zero skew.

I11. Delay Model of Metal Wire with Via Timing Impact Consideration
Elmore delay (ED) model [24] is widely applied to calculate wire delay for clock tree construction. The equivalent
circuit of a wire &; with width w; and length |; based on ED model is shown in Fig. 4(a), where r and ¢, denote the sheet
resistance and the unit area capacitance, respectively. Because ED model may overestimate wire delay and limit
accuracy, fitted Elmore delay (FED) model [25] is alternately proposed. Figure 4(b) shows the equivalent circuit of ;
based on FED model, where C; is the fringing capacitance.
The delay of e connecting a load capacitance, C;, at sink i based on ED and FED models are respectively



formulated as follows.

Delay(i)=r(—- )[ 2 "+CL,jforEDmode1 @)

and oy = ){(DCW;EC)I FCL’i}forFEDmodel, ©)

where coefficients, D, E, and F, are obtained by curve fitting technique. The load capacitance, Cjqyq, is defined as the
capacitance of a tree rooted at sink i or node i. The Cjpaq, for ED and FED models are respectively defined as bellow.
Z(c I;w; +C,_ ;) for node i based on ED model
i )
Croa.i = {(Dcawj +Ec)),
JeT (i) F
where T(i) is the set of tree edges at the downstream of node i. Hence, the clock delay from root to sink k based on ED
and FED models can be respectively calculated using

+Cy; } for node i based on FED model,

Delay(root, k)= >" r(—- )[C lW Con i}for ED model ®)
ieptk) W '
Dc Eco)l
and  petayroot, k)= 3 - ){%wcmifor FED model, (6)
iePk) W

where P(K) is the set of tree edges those are along the path from root to sink k. When a via is inserted at bending point
to connect different metal layers, the via timing impact should be considered in clock delay calculation during clock
tree construction. A via is modeled as a m-model circuit and both its resistance and capacitance are K-times of those of a
wire. The bias K is a constant and set as 2 [26]. The equivalent circuits of vias based on ED and FED models are shown
in Figs. 4(c) and 4(d), respectively, where n is the number of vias.
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Fig. 4. The equivalent circuits of wire €; are based on (a) ED and (b) FED models, respectively. The equivalent circuits of vias are based on (c) ED
and (d) FED models, respectively. (e) X-based wires connect root, bending point, and sink s;, () the cross-section view of (e), and (g) the equivalent
model of (e).

Figure 4(e) shows that the wire e;(root, Pg(root, s;)) connects root and the bending point, Pg(root, s;), as well as,
Pg(root, s;) connects S; with e,(Pg(root, s;), ;). Figure 4(f) shows the cross-section view of Fig. 4(e) and demonstrates
that one via is inserted at Pg(root, s;) and two vias are inserted at S, respectively. The equivalent model of Fig. 4(e) is
shown in Fig. 4(g). Finally, the total delay of wires connecting root up to S; with via timing impact consideration based

on ED model is derived as follows.
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where |; and w, are the length and width of e;(root, Pg(root, s;)), |, and w;, are the length and width of e,(Pg(root, sy), Si),
m and n are the number of inserted vias at Pg(root, s;) and s;, respectively, and via; is the total via count of s;. The clock
delay, Delay(root, s;), based on FED model is also derived as follows.

Delay (root s;) for FED model (8)
(Dc ,w; + Ec ()l
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IV. Discharge-Path-Based Antenna Detection and Fixing with Jumper Insertion
In order to detect and fix antenna effects, the proposed algorithm is presented in Fig. 5 and named PADIJI
(discharge-path-based antenna effect detection and fixing with jumper insertion). For a given X-clock tree with a set of
n clock sinks, S={s;, S, ..., Su}, layer configuration, and the upper bound of antenna effect Ly, the objective of this
work is to detect antenna effect with discharge paths and then fix antenna violations with minimum number of inserted
jumpers and zero skew.

Algorithm: PADJI () /*Discharge-path-based effect antenna detection and fixing with jumper insertion */
Input: A given X-clock tree with a set of sinks, S, layer configuration, and the upper bound of antenna effect, L,
Output: A zero skew X-clock tree with antenna violation free and minimum number of inserted jumpers
1 foreachs;in$
2 { if(e(s).layer = the pr of layer configuration )
3 {s;is antenna violation free. }
4 else
5 { DP(s)) = DischargePath(s;); /* Obtain a set of discharge paths of s, DP(s)) */
6 for each dp, in DP(s))
7 { Cuai(S) = Eiorai(S;) + dpy — Duplicate(Ve, edp,, €,(s));
/* Obtain a set of segments those accumulate charges and may damage s;. */
8 if( ‘elmal(sl)‘ z Lmax )
9 { InsertJumper(s)); /* Insert a jumper to fix antenna violation occurred on s;. */
10 break;
11 }
12
13}
14 WireSizing(s); /* Adjust wire width to maintain zero skew. */
15}

Fig. 5. The proposed PADJI algorithm.

The proposed PADIJI algorithm consists of several procedures in a for loop, and its overview is given as follows. For
each sink s; € S in the given X-clock tree, if the layer of a metal wire connecting S; is the top layer, Ly, of layer
configuration, S; is antenna violation free; otherwise, the proposed algorithm will detect each discharge path of s;. The
DischargePath procedure visits all the discharge paths those relate s; and then obtains a set of discharge paths, DP(s)),
which may collect charges to damage S;. Next, the proposed algorithm moves the metal wires of each discharge path,
dpy, into the accumulated wires of Sj, €uai(Si). The length of €yai(Si), |€wwi(Si)|, is used to estimate the violation of
antenna effect. Because each dpy may contain several pieces of edges, en, the duplicate edge is excluded to avoid length
overestimation and unnecessary jumper insertion. If |e(Si)| is equal to or longer than Ln,, the InsertJumper(s;)
procedure will insert a jumper to fix the antenna violation of §;. Finally, the WireSizing (s;) procedure is employed to
adjust the width of wire connecting S; for skew compensation. After introducing the overview, each procedure will be
described in the following subsections in detail.

Discharge-Path-based Antenna Detection DischargePath()

For a pair of sinks S; and s; in a part of X-clock tree shown in Fig. 6(a), the DischargePath procedure visits all the
discharge paths relating the given sink S; and collects charges along the edges of S; into a set of discharge paths DP(s))
for calculating the total accumulated lengths. Figure 6(b) illustrates the tree topology of Fig. 6(a) based on binary tree
structure to model the X-clock tree. For calculating the number of inserted vias and estimating clock delays in an
X-clock tree, this work adopts two via definitions proposed in [27]. When a via belongs to an internal node or a leaf
node in a binary X-clock tree, the via is defined as a node via, NV, such as the square dots in Fig. 6(b). The number of
NVs is equal to the difference of the highest and lowest metal layers. When a via locates at a bending point of a tree
edge, the via is defined as an edge via, EV, such as the triangle dots in Fig. 6(b). The number of EVs is counted by the
difference of metal layers assigned in the tree edge.
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Fig. 6. (a) A part of X-clock tree, (b) the topology of binary X-clock tree with two via definitions, and (c) the cross-section view of (a).

Based on the properties of binary X-clock tree shown in Fig. 6(b), sink s; is S;’s brother and denoted as B(s;). The
tapping point of s; and s; is their father and denoted as F(s;). The bending point of s; and s; (also called B(s;)) is denoted
as Pg(B(Si),si). For applying discharge paths to detect antenna effect, this work also defines the connecting edges and
their layer as follows. The edge connecting S; and Pg(B(S;),Si) is denoted as e(S;j) and the layer of e(s;) is denoted as
e(si).layer; the edge connecting B(s;) and Pg(B(si),s;) is denoted as e(B(Sj)) and the layer of e(B(sj)) is denoted as
e(B(si)).layer; the edge connecting F(Sj) and its bending point Pg(B(F(si)),F(si)) is denoted as e(F(s;)). The layer of
e(F(s))) is denoted as e(F(sj)).layer. Figure 6(c) is the cross-section view of Fig. 6(a). Because e(sj).layer is M3, the
number of NVs locating on §; is three for connecting poly layer up to M3. Moreover, the number of EVs locating on
Pg(B(si), si) is two for connecting M1 up to M3 due to e(B(sj)).layer and e(s;).layer are M1 and M3 respectively.



After introducing the adopted notations, the proposed DischargePath procedure is presented in Fig. 7. For a given
sink 8;, the top layer of S;, Lip(Si), is first determined by the maximum layer of e(s;).layer and e(B(s;)).layer. Then, three
cases for S; are derived as follows for getting the set of discharge paths, DP(S;) in the procedure.

Casel e(B(sj)).layer < Ligp(Si) (lines 2-7): In the case, the charges accumulated on e(B(s;)) will not affect s;. Hence, the
procedure have to check the layer and location of F(s;). If e(F(s;)).layer is higher than Li(Si) and F(s;) locates on e(s;),
e(s;) will be inserted into dpy of DP(S;). In addition, the exceptional S; is antenna violation free.

Case2 e(sj).layer = e(B(sj)).layer (lines 8-15): In the case, both e(s;) and e(B(s;j)) may collect charges to damage s;
and the procedure just checks the layer of F(s;). If e(F(s;)).layer is higher than L(Si), €(S;) and e(B(s)) will be inserted
into dpy of DP(s;). Or, if e(F(si)).layer equals Li(Si), the number of effective conductors will be increased and collect
more charges. Hence, the procedure not only inserts e(s;) and e(B(s;)) into dpx of DP(s;) but also gives F(s;) to the
DischargePath procedure for determining extra edges. In addition, the exceptional s; is antenna violation free.

Case3 e(B(sy)).layer > Ligp(Si) (lines 16-27): This case can also be viewed as that Loy(Si) is equal to e(B(s;)).layer. When
e(F(si)).layer is higher than L(S;), the procedure will check the location of e(F(s;)). If F(s;) locates on e(s;), only €(s;)
will be inserted into dpx of DP(s;i). Otherwise, both e(s;)) and e(B(s;))will be inserted into dpx of DP(s)). When
e(F(si)).layer satisfies the constrain, [ e(sj).layer, Lip(Si) ) and F(s;) locates on €(s;), the procedure not only inserts €(s;)
into dpy of DP(s;) but also gives F(s;) to the DischargePath procedure for determining extra edges. Here, the constrain
is an interval of e(F(s;)).layer, as well as, the internal means that e(F(s;)).layer is higher than or equal to e(s;).layer and
e(F(s))).layer is lower than e(B(s;)).layer. In addition, only e(s;) will be inserted into dpy of DP(S;) for the exceptional s;.

Procedure: DischargePath(s;)

Input: A sink or node s;

Output: A set of discharge paths of s;

1 Lio(s) = Max( e(s;).layer, e(B(s;)).layer ); /* Determine the L,
if(e(B(s)).layer < me(si) )/* Case 1 %/

{ if(e(F(s)).layer > Lop(s;) and F(s;) locates on e(s;) )

{ Inserte(s)) into dp, of DP(s); }

else

{ s;is antenna violation free. }

op OF 51 ¥/

else if( e(s;).layer = e(B(s;)).layer ) /* Case 2 */

{ if(e(F(sy)).layer > L (s;) )

{ Inserte(s;) and e(§(si)) into dp, of DP(s));

11 else if( e(F(s)).layer = me(si) )

12 { Inserte(s;), e(B(s;)), and DischargePath(F(s;)) into dp, of DP(s;); }

E\OOO\IO\UI-&DJI\)
-

13 else
14 { s; is antenna violation free. }
15}

16 else /* Case 3 */

17 { if( e(F(sp).layer > Ly, (5) )

18  { if( F(s) locates on e(s;) )

19 { Insert g(s;) into dp, of DP(s));

20 else
21 { Insert e(s;) and e(B(s;)) into dp, of DP(s); }
2 )}

23 elseif( e(s;).layer < e(F(s))).layer < L (s;) and F(s;) locates on €(s;) )
24 { Inserte(s;) and DischargePath(F(sS) into dp, of DP(s;); }

25 else
26 { Inserte(s;) into dp, of DP(s)); }
27}

Fig. 7. The proposed DischargePath procedure for determining a set of discharge paths of the given sink.

For explaining the proposed DischargePath procedure clearly, a simple case is illustrated. Figure 8(a) shows a part
of initial X-clock tree without antenna effect consideration, where So, Sy, S13, and S;4 are sinks, S,;, Sy3, and S,; are the
tapping points of (So, Si0), (S13, S14), and (Sy1, Sp3), respectively. Here, S5 is taken as an example and first given to the
DischargePath procedure to detect antenna violation. Meanwhile, Si4 and S,; are respectively denoted as B(S;3) and
F(s13) due to Sy4 is paired with S;3 and  Sy; is the tapping point of (S3, Si4). As shown in Fig. 8(a), e(S;3).layer is M1 and
e(B(si3)).layer is M3, DischargePath procedure can determine that Li(Si3) is M3 and ;3 satisfies the condition of
Case3. Next, e(F(S;3)).layer is M2 and F(S;3) not only satisfies the interval constrain of [M1, M3) but also locates on
e(s13). Hence, the procedure inserts e(s;3) into dp; of DP(S;3) and gives F(S;3) to the DischargePath procedure for
determining extra edges. In the procedure DischargePath(F(s;3)) (or DischargePath(sy) ), e(Sx).layer is M2,
e(B(sy3)).layer is M4, and e(F(Sy;)).layer is M1. Therefore, DischargePath(F(s;3)) only returns €(Sy3). Finally, DP(S;3)
contains €(Sj3) and €(S,;). For the other sink Sy4, €(S14).layer is M3, e(B(Sy4)).layer is M1, and F(S;4) does not locates on
e(S14). Therefore, si4 satisfies the condition of Casel and has no antenna violation. The antenna effects of other two
sinks Sg and S, can be detected by the same process. Figure 8(b) shows that two jumpers are inserted on €(S;3) and €(Sj)
to fix the antenna violations, respectively. Note that the distance between the antenna-critical sink S;; (or Sj) and the
inserted jumper is Lyay.

In order to verify the proposed procedure of DischargePath, Figure 8(c) shows the cross-section view of Fig. 8(a).
The discharge path set of i3, DP(S;3), contains two discharge paths, dp; and dp,. The length of dp; in DP(s3) is the
sum of the lengths of segments 5-7, as well as, the length of dp, in DP(S;3) is the sum of the lengths of segments 6-8,



and 10. Here, the length of each segment is X-architecture distance not Manhattan distance. Therefore, |€a(S13)| is the
sum of the lengths of segments 5-8 and 10 whereas the duplicate segments have been removed. Moreover, the lengths
of segments 5, 7, and 10 can be ignored due to they are metallised for vias. Finally, |ei(S13)| can be simplified as the
sum of the lengths of segments 6 and 8. Note that the lengths of segments 6 and 8 are equal to |e(S;3)| and [e(Sy)),
respectively. For the other sink S4, it directly connects M3 which is the L, of dp; in DP(s;4) and has no antenna
violation. Because |€ota(S13)| is longer than Ly, and antenna violation is occurred, a jumper is inserted to break the
original segment 6 shown in Fig. 8(c) into two segments 6 and 9 shown in Fig. 8(d). It is obvious that the length of |
Ewtal(S13)| 1s short enough to avoid antenna violation. For sinks So and S;o, another jumper is also inserted on €(Sg) to fix
antenna violation.
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Fig. 8. (a) A part of initial X-clock tree without antenna violation consideration, (b) two jumpers are respecitvely inserted to fix the antenna violations
of (a), (c) the cross-section view of (a), and (d) the cross-section view of (b) with jumper insertion.

Adjust Wire width after Jumper Insertion WireSizing()

After inserting jumpers to fix antenna violations, clock skew is another occurred side-effect in X-clock tree. Hence,
the proposed algorithm applies a wire sizing technique to achieve zero skew. As shown in Fig. 9(a), a pair of sinks (5,3,
S14), their tapping point S,3, and an inserted jumper are taken as an example to explain the WireSizing procedure. After
inserting a jumper to fix the antenna violation of S3, the number of required vias of S, #vias, is increased from 1 to 3
(see the physical structure in Fig. 8(d)). via;s includes one NV on S;3 and two vias belong to the inserted jumper.
Therefore, the wire e(Sy3, Si3) connecting the tapping point S,; and sink S;3 should be sized to achieve zero skew.
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Fig. 9. (a) A part of X-clock tree with jumper insertion and (b) the equivalent model of (a) for determining the width of wire e(S,3, Si3).

Fig. 9(b) shows the equivalent model of Fig. 9(a) for explaining how to derive the width of €(Sy3, Sy3). First, Sy is
antenna violation free without jumper insertion, therefore, the number of vias of sS4, #via4, is fixed and can be counted
as the sum of three NVs on sink s;4and two EVs on bending point. Meanwhile, Delay(s,s, S;4) based on the ED model
can be calculated by (7). Next, we formulate Delay(s,s, S;3) and force the two delays to be equal to each other for
deriving the width of e(S,3, S13), W13, as follows.

Delay (S,;,S,;) = Delay (s,,S,,), for ED model (9)
r[ILJr viaukj{ica(l”w”z+ Vla”k) +CL; } — Delay (S,,8,)=0
13
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In the study of [20], the JI (Jumper Insertion) algorithm focuses on antenna effect fixing with jumper insertion for
X-clock tree and adopts FED model for calculating delay with the timing impact consideration of inserted vias. Here,
Delay(s,s, S13) and Delay(s,s, Si4) based on FED model can be respectively formulated and calculated, as well as, w3
can be also derived as (10).

Delay(s,;,s,;) = Delay(s,;,S,,), for FED model (10)

| -
r(—2- + via k)
W13

W, = (fb +/b? 74ac)/2a,

ac rvia,,kDc,|

[Dca(luw13 +via;k) + Ec, (I, +via;k)
2

+ FCLM} = Delay(s,;,5,4)

where 2
[Dcal + Ec,via ;k

. Dc, + Ec, .
I +vna13k(fwa]3k +FC_ ;) |- Delay(s,;,s,,)

Dc,via, .k + EC, (I +viak
C=r||: a 13 2 f( 13 )+CL']3:|.

Power Estimation

This work estimates the power consumption for a whole clock tree by charging each equivalent wire, €;, and the
capacitance of each sink i or node i, Cjoaq,i- The total power consumption in a clock tree is represented as follows.

Power = Z:C,DadvideVdd2 (1 1)

For comparative study, PMXF [21] algorithm is first applied to construct an initial X-clock tree without antenna
effect consideration as shown in Fig. 10(a). The X-clock tree contains a set of 16 clock sinks, S = {s, S, ..., Sis},
dumped from the IBM benchmark r1 [30]. Next, JI [20] and the proposed PADJI algorithms respectively load the initial
X-clock tree to determine the accumulated length of each sink for detecting antenna violations. Here, FED model with
130nm fabrication parameters is used to calculate delay and the upper bound of antenna effect Ly, is given as 200um.
Finally, JT and PADIJI insert jumpers to fix all the antenna violations in the initial X-clock tree, as shown in Figs. 10(b)
and 10(c), respectively.
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Fig. 10. (a) The initial 16-sink X-clock tree constructed by PMXF, as well as, antenna violation fixing by (b) JI [20] and (c) PADJI algorithms.
Table I lists the comparison of JI and PADIJI algorithms in the accumulated lengths of each sink, |eya(Si)|. Columns 1,
2, 8 and 9 give the labels and coordinates of each sink and node, respectively. Column 3 gives the load capacitance, C,
of each sink. Columns 4 and 5 and the last two columns give the labels and coordinates of bending point, Pg(B(S)),Si),
and tapping point, F(S;), of each pair of sinks or nodes. Note that the accumulated length of each sink, |€ta(Si)l,
determined by JI and PADIJI are listed in columns 6 and 7, respectively. As shown in Table I, S; and Sg are a pair of
sinks, as well as, Pg(S7,Ss) and Sy are their bending point and tapping point, respectively. JI algorithm obtains that both
S; and Sg violate antenna rule, but the proposed PADIJI algorithm just obtains one. This work will demonstrate the
difference later. Finally, JI algorithm detected that there are 13 accumulated lengths of sinks longer than Lpya. In

contrast, PADIJI detected eight.
TABLE I THE COORDINATES, BENDING POINTS, TAPPING POINTS, AND ACCUMULATED LENGTHS OF THE 16 SINKS AND OTHER NODES IN THE GIVEN
X-CLOCK TREE BASED ON 130NM FED MODEL AND Ly;,x=200uM.

Sink|  Coordinate  |C.pF)|  Pe(B(s). ) Fs) P |40 | Coordinate Pa(B(S), S1) Fs)
JI__|PADII
s, | (18596.0,36216.0) | 0.078 Ps(S1, S2) Si7 6337.0]6337.0] s;; | (18596.0, 32834.6) P&(S17, S1s) S2s
s, |(17841.0,29124.0) | 0.035 (18596.0, 29879.0) | (18596.0, 32834.6) | 1067.7| 0.0 Sis | (19444.0, 22366.0) (19444.0,31986.6 ) | (19444.0,29044.8)
s, | (20313.0,23235.0) [ 0.078 Pa(S4» So) Sis 14184] 0.0 | s, [ (34327.3,21556.0) Pa(S10, S20) S26
se | (19310.0,20716.0) | 0.035 | (19310.0,22232.0) | (19444.0,22366.0) | 1516.0|1516.0] sy | (31950.0,15681.0) | (31950.0,19178.7) | (32445.4,19674.1)
s; | (31657.0,23412.0) | 0.046 Pa(S3, S5) Sio 0.0 [ 00 [ s [(12226.2,11439.0) Pa(Sa1, S23) Sy
ss | (37908.0,21556.0) | 0.037 (33513.0, 21556.0) | (34327.3,21556.0) |4395.0|4395.0 S3 (13276.8, 7520.0) (13276.8,10388.4) | (13276.8, 10004.2)
s, | (33860.0, 15681.0) | 0.044 Pa(S7, S5) S20 2111.0[5608.7] s, | (45633.5,9408.5) Pa(S22, $24) Sis
ss | (30550.0, 14482.0) | 0.045 | (31749.0,15681.0) | (31950.0,15681.0) | 1695.6| 0.0 || s, | (44404.8,6943.0) | (44404.8,8179.9) | (44404.8,7608.0)
o | (10014.0, 13282.0) | 0.058 Ps(So, S10) Sa1 0.0 [ 0.0 [ s55 [(19444.0,29044.8) Pa(S2s, S26) S20
Sio | (14975.0, 11439.0) | 0.075 | (11857.0,11439.0) | (12226.2, 11439.0) |3118.0|3118.0| s, | (32445.4,19674.1) | (28814.6,19674.1) | (24724.4,23764.3)




si; | (15850.0,7520.0) [ 0.040 Pa(S13, S14) N 4778.0[7646.4] s,; [ (13276.8, 10004.2) Pa(S27, S25) S30
sis | (10822.0,7270.0) | 0.041 | (11072.0,7520.0) | (13276.8,7520.0) | 353.6 | 0.0 | sy | (44404.8,7608.0) | (42008.6,10004.2) | (29162.4,10004.2)
sii | (45204.0,10920.0) [ 0.067 P&(S11, S12) S 1082.0]1082.0] s, | (24724.4,23764.3) Pa(S29» S30) S31
S | (47147.0,7895.0) | 0.032 | (45204.0,9838.0) | (45633.5,9408.5) 0.0 0.0 Sy | (29162.4,10004.2) | (24724.4,14442.2) | (24760.9, 14405.6)
Sis | (48326.0,6943.0) [ 0.064 P&(S1s, S16) a4 6913.0]8149.8] s5 [ (24760.9, 14405.6) - -
Si6 | (40398.0,5928.0) | 0.032 | (41413.0,6943.0) | (44404.8,6943.0) |14354| 0.0

#Violations 13 8

In order to clearly demonstrate the difference between JI and PADJI algorithms, this work takes two sinks S; and Sg
extracted from Fig. 10 as an example and presents the local views and cross-section views of X-clock routings
constructed and fixed by PMXF, JI, and PADJI, respectively in Fig. 11. Figure 11(a) shows the local view of a pair of
sinks, (S7, Sg), in the initial X-clock tree constructed with PMXF and its cross-section view is shown in Fig. 11(d).

Here, JI algorithm is first discussed as follows. When a sink connects the L, of layer configuration, JI thinks that the
sink is antenna violation free. In contrast, if the sum of total lengths of wires connecting a sink is longer than Ly, JI
will insert a jumper connecting the Ly, of layer configuration to fix the violation. In this example, JI takes M4 as Ligp.
In Fig. 11(d), JI derives that the accumulated length of S;, |€tal(S7)|, is the sum of the lengths of segments 5-7. Because
segments 5 and 7 are short enough to be ignored, Table I lists that |eyai(S7)| is approximated as the length of segment 6
as 2110pum. Due to |etai(S7)| is longer than Lpyay, JI inserts a jumper to fix the antenna violation of S;, as shown in Fig.
11(b). Moreover, the cross-section view of Fig. 11(b) is presented in Fig. 11(e). The jumper inserted on S; can shorten
the length of |eyai(S7)| but need three vias to connect segments 8 and 11, as well as, other three vias to connect segments
11 and 9, respectively. For the other sink Sg, |€0tai(Sg)| is the sum of the lengths of segments 1-4 and approximated as the
length of segment 4 as 1695.6um, as listed in Table I. JI also inserts another jumper to fix the antenna violations of Sg,
due to |etal(Ss)| is longer than Lya. As shown in Fig. 11(e), the jumper inserted on segment 4 can also shorten the
length of |eyai(Sg)| but need two extra vias to connect segments 4-5 and segments 5-6, respectively. Finally, JI totally
inserts two jumpers to fix antenna violations and consumes extra eight vias for the pair of sinks (57,Sg).
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Fig. 11. Take S; and Sg as an example. (a) The local view of X-clock tree with antenna violations, (b) two jumpers required by JI are inserted to fix
antenna violations of (a), (c) only one jumper is required and inserted by PADIJI. (d) The cross-section view of (a), where S; and Sg respectively
contain two and one discharge path, (e) the cross-section view of (b), and (f) the cross-section view of (c).

Second, the proposed PADIJI algorithm is discussed as follows. As shown in Fig. 11(d), sinks S; and Sg respectively
have two and one discharge path. For sink S;, the first discharge path of s;, dp; of DP(Ss;), consists of segments 5-7 and
the second one, dp, of DP(s;), consists of segments 6-8. Segment 8 connecting S,y and Pg(S19,520) may collect charges to
damage S;. However, the segment is not visited and included by JI when detecting S;. For sink Sg, the top layer of
segments connecting Sg is M3 and the discharge path of Sg, dp; of DP(Sg), only contains segments 1-3. Hence, segment
4 is overestimated by JI when detecting Sg. Moreover, the jumper inserted on Sg should be removed. As aforementioned,
that is the reason PADJI detects each discharge path of a given sink to precisely obtain its accumulated length for
determining antenna violation.

For a paired of sinks S; and Sg, and Sy, their bending point and tapping point Syare respectively denoted as B(s;) and
F(s;). As shown in Fig. 11(a), e(s7).layer is M1 and e(B(s;)).layer is M3, hence, the DischargePath procedure in PADJI
can obtain that Lip(S7) is M3 and s; satisfies the condition of Case3. Next, e(F(s7)).layer is M2 and F(s;) not only
satisfies the interval constraint of [M1, M3) but also locates on e(S;). Hence, the procedure inserts e(s;) into DP(S;) and
gives F(s;) to the DischargePath procedure for determining extra edges. In the DischargePath(F(s;)) (or
DischargePath(sy) ) procedure, €(Sy).layer is M2, e(B(S19)).layer is M3, and e(F(Sy)).layer is M 1. Therefore, Sy also
satisfies the condition of Case3 and DischargePath(F(s,)) returns e(S,). Therefore, PADIJI obtains that DP(S;) contains
e(S7) and e(Sy), as well as, |eyal(S7)| can be approximated as the sum of |e(S;)| and |e(Sy)| as 5607.7um. Here, e(S;) and
e(Sy) are segments 6 and 8, respectively. For sink Sg, the DischargePath procedure in PADJI gets that Sg satisfies the
condition of Casel and has no antenna violation. Finally, PADIJI inserts only one jumper to fix the antenna violation of
S; as shown in Fig. 11(c). The cross-section view of Fig. 11(c) is presented in Fig. 11(f) that the inserted jumpers just
need two extra vias for connecting M2. Compared with JI algorithm, the proposed PADIJI algorithm takes less inserted
jumpers and vias to fix antenna violations.

Table II lists the experimental results on the 16-sink X-clock trees respectively constructed and fixed by PMXF, JI,
and PADIJI algorithms in terms of the number of inserted jumpers, delay, skew, power, and total vias. Note that the



ratio is defined as JI/PMXF or PADJI/PMXF, as well as, total vias is the sum of node vias and edge vias. The upper
bound of antenna effect, Ly, is given as 200um. In the table, JI inserts five more jumpers than PADJI to fix antenna
violations. For the column “Skew” in Table II, the applied PMXF algorithm can construct a zero skew X-clock tree but
ignore via timing impact. Hence, this work considers the issue during X-clock construction with PMXF and then results
non-zero skew in the initial X-clock tree. In addition, this work applies the wire sizing technique to achieve zero skew.
As listed in Table II, applying discharge path to detect antenna violation can avoid over-estimation and unnecessary
inserted jumpers. It is not surprising that PADIJI has better performance of 0.0604%, 0.048%, and 39.1304% than JI in
terms of delay, power, and total vias, respectively.
TABLE II COMPARISON OF PMXEF [21], JI[20], AND THE PROPOSED PADJI ALGORITHM WITH Ly,=200pM ON THE 16-SINK X-CLOCK TREES.

#Sinks #Inserted Jumper Delay (us) Skew (us) Power (W) Total vias
J1 PADIJI PMXF J1 PADIJI PMXF J1 PADII | PMXF J1 PADJI || PMXF J1 PADIJI
16 13 8 0.021500 | 0.021518 | 0.021505 || 0.000009 | 0.000011 0 0.002083 | 0.002085 | 0.002084 92 144 108
Ratio || - - - 1.000837 | 1.000233 - - 1.000960 | 1.000480 - 1.565217 | 1.173913

Time Complexity Analysis

For a given X-clock tree with a set of sinks, this work applies binary tree structure to model an X-clock tree with
antenna violation free. Since every sink in the tree will be examined by the proposed PADII algorithm, the for loop
runs in O(n). In the for loop, the DischargePath procedure obtains a set of discharge paths for each sink and the worst
case is that each sink contains K paths. Thus, the procedure runs in O(K). The other processes in the for loop can insert a
jumper to fix antenna violation with InsertJumper procedure and adjust wire width to obtain zero skew with WireSizing
procedure in constant time. Finally, the time complexity of the proposed PADJI algorithm is O(n?).

V. Integration of PADJI and Layer Assignment Technique

Layer assignment technique [14-15] is another method for fixing antenna violations. If a wire segment is
antenna-critical, it has to be assigned with the higher layer or the L, of layer configuration to avoid antenna effect. For
instance, the initial X-clock tree shown in Fig. 11(a) can be totally routed with single layer M4 which is the Ly, of layer
configuration for antenna avoidance. Each sink needs four NVs to connect poly layer up to M4, as well as, the number
of EVs is zero due to all the edges connecting sinks or nodes are placed at the same layer. Therefore, layer assignment
technique can obtain the optimal X-clock routing with antenna violation free and just totally need 64 vias which is
much less than those, 144 and 108 vias, of JI and PADIJI algorithms, respectively. However, the routing solution is not
practical enough, especially for modern complex multi-level VLSI designs. Hence, this work proposes another layer
assignment procedure. The approach can provide several layer candidates for an antenna-critical sink and be integrated
with the proposed PADIJI algorithm to insert jumpers when layers are congested. The congestion is the ratio of the
number of wires to the number of tracks in a region. The proposed algorithm which integrates PADJI and layer
assignment technique is presented in Fig. 12 and named PADJILA (discharge-path-based antenna detection and fixing
with jumper insertion and layer assignment). For a given X-clock tree with a set of n clock sinks, S = {s, S, ..., Su},
layer configuration, and the upper bound of antenna effect, Lya, the objective of the proposed PADJILA algorithm is
not only fixing antenna violations in the given X-clock tree but also minimizing the number of inserted jumpers and
required vias.

Algorithm: PADJILA() /*Discharge-path-based antenna effect detection and fixing with jumper insertion and
layer assignment */
Input: A given X-clock tree with a set of sinks, S, layer configuration, and the upper bound of antenna effect, L.,
Output: A zero skew X-clock tree with antenna violation free and minimum number of inserted jumpers
1 foreachs;in$S
2 { if(e(s)).layer = the Liop of layer configuration )
3 { s; is antenna violation free. }
4 else
5 { DP(s;) = DischargePath(s;); /* Obtain a set of discharge paths of s;, DP(s;) */
6 for each dp; in DP(s))
7 { Cotai(S) = €iora(Sp) + dp; — Duplicate(ve;edp;, e, (S));
/* Obtain a set of segments those accumulate charges and may damage s;. */
8 If( Ie!otal(si)l Z Lmax )
9 { InsertJumper(s;); /* Insert a jumper to fix antenna violation occurred on s;. */
10 Vidyriginal = #via(s;, B(s)); /* Store #vias before launching LayerAssignment(s;) */
11 Layer angidates(Si) = LayerAssignment(s;); /* Obtain the layer candidates of e(s;).layer */
12 Vidyogifies = #via(s;, B(s;);
/* Count #vias when assign Layer ,,qidates(Si) to €(S;).layer without the inserted jumper*/
13 if( Vidgriginal > Vi@mogifiea OF active layers are flexible)
14 { Removed the inserted jumper and
e(s;).layer is one of Layer , gigares(Si) With less #via(s;, B(s;)) }
15 break;
16 }
17 }
18 }
19 WireSizing(s;); /* Adjust wire width to maintain zero skew. */
20}

Fig. 12. The proposed PADJILA algorithm.
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The overview of PADIJILA is given as follows. To simplify the presentation, we just discuss how to fix the
antenna-critical sink with jumper insertion and layer assignment method (lines 8-16 of the PADJILA algorithm). As
aforementioned, if the accumulated length of sink S;, |€otai(Si)|, is longer than Ly, Si is antenna-critical and should be
fixed by jumper insertion. For a pair of sinks S; and its brother B(S;), Viaoriginai includes the sum of node vias of s; and
B(sj), total edge vias which are inserted on the wires connecting S; and B(S;), and the extra vias required by inserted
jumpers. In other word, Viagrigina is the total vias of s; and B(s;) before applying layer assignment method. Then, the
LayerAssignment procedure obtains the acceptable layer candidates of e(sj) and gives them to Layer angigates(Si). Next,
Vidmogified aCts as Vidoriginal t0 count and then store the total vias required by s; and B(s;), where e(sj).layer applies
Layercandidates(Si) and the jumper inserted on e(s;) is assumed to be removed . If Vidorigina 18 more than Viamogified, Or, the
active layers are flexible enough to be assigned, the inserted jumper will be removed and e(s;).layer can apply one of
Layer candidates(Si) to decrease the required vias. The active layers are defined as the layers from the current routing layer,
e(si).layer, up to the Ly, of layer configuration. After introducing the overview of PADIJILA, the proposed layer
assignment procedure is presented in Fig. 13 in detail.

Procedure: LayerAssignment(s;)

Input: A sink s,

Output: A set of layer candidates of s;

1 if(e(B(s)).layer = Lyop of layer configuration )

2 { return e(B(s;)).layer; }

else

{ if(e(B(sy).layer > e(F(s;)).layer )
{ return e(B(s;)).1ayer to Lwp of layer configuration; }
else if( e(B(s;)).layer = e(F(s;)).layer )
{ return e(B(s;)).layer+1 to me of layer configuration; }
else

9 { If( F(s;) locates on e(s;) )

10 { return e(F(s;)).layer to me of layer configuration; }

11 else

12 { return e(B(s;)).layer+1 to me

13 3

14 }

[ IR B NNV I NN}

of layer configuration; }

Fig. 13. The proposed LayerAssignment procedure.

For a sink s; given to the proposed LayerAssignment procedure, the acceptable layer candidates of e(s;) can be
obtained immediately. When e(B(s;)).layer equals the Ly, of layer configuration, the procedure will return e(B(s;)).layer.
Otherwise, the procedure will compare the layers of e(B(s;)) and e(F(s;)) (lines 3-14 in LayerAssignment).

When e(B(s;)).layer is higher than e(F(s;)).layer, the procedure will return e(B(s;)).layer up to the Ly, of layer
configuration. If e(B(s;)).layer is equal to e(F(s;)).layer, the layer candidates of e(s;) will be e(B(si)).layer+1 up to the
Liop of layer configuration. For the exceptional cases, the procedure will check F(s;) does locate on e(s;) or not. If it does,
the procedure will return e(F(s;)).layer up to the Lo, of layer configuration. Otherwise, the layer candidates of e(s;) will
be e(B(si)).layer+1 up to the L, of layer configuration.

In order to verify the proposed PADJILA algorithm and to compare with other works, Fig. 14(a) shows an initial
16-sink X-clock tree which is as identical as the other one shown in Fig. 10(a). PADIJI can insert jumpers to fix antenna
violations in the initial X-clock tree, as shown in Fig. 10(b). Moreover, PADJILA integrates layer assignment method
and PADIJI to decrease the number of inserted jumpers and total required vias, as shown in Fig. 14(c). Comparing with
the result as shown in Fig. 14(b) using JILA [20] algorithm, PADJILA gets improvements in terms of delay, power, and

total vias.
S o5 Sy Metal 4
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1 1 -0 4 s Metal 3
Sy Sy Ph S5
s s, d 2 S, E | Metal 2
Sy s S s Sy s, =—— Metal |
S Lo © o Tals, s, s lo% W Tals, s, S hoS R o s, S
3 ° o Jumper
S, S,
Sy Su

s,

OO OO s Q=0
Sis % 083 O Si3
Sis SZ? 516 Sy Sis 14 S $169 Sy Sis 14 52? S Su Sis

(a) - ®) © 16
Fig. 14. (a) The initial 16-sink X-clock tree constructed by PMXF. In order to reduce the number of inserted jumpers for fixing antenna violations, the
X-clock trees were fixed by (b) JILA [20] and (c) PADJILA algorithms, respectively.

Table III lists the experimental results of PMXF, JILA, and PADJILA algorithms, respectively. Comparing the
results of JI and JILA those are respectively shown in Fig. 10(b) and Fig. 14(b), the later algorithm assigned all the 13
wires those were inserted jumpers by the former one with the Lo, of layer configuration (M4) to decrease the number of
inserted jumpers and total vias. From the table, JILA can complete an antenna violation free X-clock tree without
jumper insertion. It is not surprising that JILA improved the required total vias, delay, and power consumption
compared with JI. However, assigning antenna-critical wires to the Ly, of layer configuration may result layer
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congestion, especially for modern high-density multi-level VLSI routings. Therefore, the proposed PADJILA algorithm
can provide several layer candidates to antenna-critical wires for increasing layer flexibility. As the experimental results
shown in Table III, PADJILA inserted one jumper, as well as, consumed less total vias than JILA. Moreover, layer
assignment method can decrease the number of edge vias. That is the reason PADJILA required less total vias than that
of the initial clock tree constructed by PMXF. Next, two sinks S4 and S¢ in the X-clock trees fixed by PADJI and

PADIJILA, respectively, are taken as an example to point out the observation and illustrated in Fig. 15.
TABLE III
COMPARISON OF PMXF [21], JILA [20], AND THE PROPOSED PADJILA ALGORITHM WITH Ly,,=200uM ON THE GIVEN 16-SINK X-CLOCK TREES.
4Sinks #Inserted Jumper Delay (us) Skew (us) Power (W Total vias
JILA | PADJILA | PMXF | JILA |[PADJILA| PMXF | JILA |[PADJILA| PMXF | JILA |PADJILA [PMXF| JILA |[PADJILA
16 0 1 0.021500 | 0.021503 | 0.021499 [0.000009 | 0.000010 0 0.002083 | 0.002083 | 0.002082 | 92 100 90
Average Ratio - 1.000139 | 0.999968 - 1.000000| 0.999519 || - | 1.086956 | 0.978260

Figures 15(a) and 15(b) are the local view and cross-section view of the pair of sinks (S4, S¢) captured from the
X-clock tree which was fixed antenna violations with PADIJI algorithm. As shown in Fig. 15(b), a jumper is inserted on
e(S¢) and needs two extra vias. Sink S4 needs three NVs to connect poly layer up to M3, as well as Ss and S5 need twos
and one, respectively. One EV is inserted on the bending point Pg(Ss, S¢) to connect M2 and M3. Therefore, (S4, S¢)
totally needs nine vias when applying PADIJI and Vi@grigina is set as nine.

As aforementioned, sink S¢ has antenna violation, hence, layer assignment method is required to obtain the layer
candidates of e(S¢). In LayerAssignment procedure, S4 and S5 are denoted as B(Sg) and F(Sg), respectively. As shown in
Fig. 15(a), e(B(S¢)).layer is M3 and higher than e(F(S¢)).layer, M2. Therefore, LayerAssignment procedure obtains that
the layer candidates of e(S¢) include M3 and M4. When assigning €(S¢) with M3, the jumper inserted on e(Se) is
assumed to be removed and Vianegitieq 1S Obtained as seven, due to S, S, and S;s need three, three, and one NVs,
respectively, as well as, the number of EVs is zero. When assigning e(Ss) with M4, Viamogifies i obtained as ten and more
than Viagrigina. Because setting the layer candidate of e(S¢) be M3 can save two vias compared with Viagriginal, the jumper
inserted on e(Se) is removed and e(Se) is assigned with M3. Figs. 15(c) and (d) are the local view and cross-section view
of the pair of sinks (S4, S¢) fixed by PADJILA algorithm. Finally, we can proof that layer assignment method not only
fixes antenna violations but also decreases the number of 1nserted jumpers and required vias.
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Fig. 15. Take s4 and S as an example to proof the effectiveness of layer assignment method. (a) The local view of X-clock tree fixed by PADJI where
a jumper is inserted on e(Ss), (b) the cross-section view of (a), (c) the local view of X-clock tree fixed by PADJILA where e(S) is assigned to M3, and
(d) the cross-section view of (c).

When the number of inserted jumpers and required vias are not able be decreased by layer assignment method,
jumper insertion should be applied for layer congestion consideration. Two sinks S; and s, in the X-clock tree fixed by
PADIJI and PADJILA are taken as an example to proof the observation, respectively. Figures 16(a) and 16(b) are the
local view and cross-section view of the pair of sinks (S;, $,), respectively, captured from the X-clock tree which applies
PADIJI algorithm to fix antenna violations. As shown in Fig. 16(b), a jumper is inserted on €(S;) and needs two extra
vias. Sink S; are inserted two NVs to connect poly layer up to M2, as well as, S, and S;; need threes and twos,
respectively. One EV is inserted on the bending point Pg(S;, S,) to connect M2 and M3. Therefore, (S;, S,) totally needs
ten vias when applying PADJI and Viagriginal 18 set as ten.

As aforementioned, sink S, is antenna-critical and requires layer assignment method to obtain the layer candidates of
e(s)). In the LayerAssignment procedure, S, and S,7 are denoted as B(S;) and F(s;), respectively. As shown in Fig. 16(a),
e(B(sy)).layer is M3 and lower than e(F(s,)).layer, M4, as well as, F(S;) located on e(s;). Therefore, LayerAssignment
procedure obtains that the layer candidates of e(s,) is M4. When assigning e(S;) with M4, the jumper inserted on e(s;) is
assumed to be removed and Vianggifieg 1S Obtained as eight, due to S; and S, need four and three NVs, respectively, as
well as, an EV is inserted on Pg(s;, S;). However, this process results that S, is also antenna-critical and another jumper
is required for fixing. Meanwhile, Vianmagifieq 1S increased from eight to ten and the number of inserter jumpers cannot be
decreased. Finally, the layer assignment method is skipped when the ping-pong effect is occurred. Here, the ping-pong
effect is defined as that when assigning one of layer candidates may cause another antenna violation and require an
extra jumper for fixing. The jumper inserted on e(s;) is kept. Figures 16(c) and 16(d) are the local view and
cross-section view of the pair of sinks (Sj, Sy), respectively, when applying the layer assignment method.
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Fig. 16. Take s, and S, as an example to explain the ping-pong effect of layer assignment method. (a) The local view of X-clock tree fixed by PADJI
where a jumper is inserted on €(Ss), (b) the cross-section view of (a), (c) the local view of X-clock tree when applying layer assignment method to
assign e(S;) with M4, and (d) the cross-section view of (c).

After discussing the proposed PADJILA algorithm in detail, the analysis of time complexity is given as follows. As
aforementioned, every sink in the given X-clock tree will be examined to determine whether it has antenna violation or
not. Hence, the for loop runs in O(n). In the for loop, the DischargePath procedure obtains a set of discharge paths of
each sink and the worst case is that each sink contains Kk paths. Therefore, the procedure runs in O(k). The proposed
LayerAssignment procedure can obtain the acceptable layer candidates of the edge connecting antenna-critical sink in
constant time. Finally, the time complexity of the proposed PADJILA algorithm is O(n?).

@)

V1. Experimental Results
The proposed PADIJI and PADJILA algorithms were implemented with C++ on a Windows machine with 1.7GHz
Pentium-4 processor and 512MB memory. The fabrication parameters of ED and FED delay models for 70nm and
130nm process are respectively listed in Table IV. Three sets of benchmarks for evaluating the proposed algorithms
and comparing with other works were downloaded from the GSRC bookshelf [28]: (i) Primaryl and Primary2 (MCNC
benchmarks [29]), (ii) r1-r5 (IBM benchmarks [30]), and (iii) $1423, s5378, and s15850 (ISCAS89 benchmarks [31]).

Table V lists the number of sinks, chip size, and load capacitances of each benchmark.
TABLE IV TECHNOLOGY PARAMETERS FOR THE PROPOSED ALGORITHMS AND OTHER PRIOR WORKS.

Tech. (nm) | Delay Model | Wyin (nm) | r (Q/pum) | ¢, (fF/um) | ¢t (fF/um) D/In2 E/In2 F/In2 Fox (Hz) | Vaa (V) | Liax(um)
70 ED 70 1.357 0.00392 - - - - 2.5G 0.75 100
130 FED 130 0.623 0.00598 0.043 1.12673 | 1.10463 | 1.04836 | 100M 1.2 200

TABLE V RELATED INFORMATION OF BENCHMARKS.
#Sink | Chip size (um x pm) Load capacitance
Benchmarks s [Height (um)| Width (um) (fF)
Primaryl| 269 6000 6000 500
MENC Primary2| 603 10500 10500 500
ri 267 70000 69984 3080
r2 598 93134 94016 30-80
IBM r3 862 98500 97000 30-80
r4 1903 126988 126970 30-80
r5 3101 145224 142920 30-80
51423 74 11000 14000 50
ISC;\SS s5378 | 179 13000 13000 50
s15850 | 597 15000 16000 50

For comparative study, this work first applies PMXF [21] algorithm to construct the initial X-clock trees of all the

benchmarks without antenna effect consideration. Next, JI [20] and PADIJI algorithms respectively loaded these
X-clock trees to detect antenna effects and then inserted jumpers to fix antenna violations. Table VI lists the
experimental results of all the benchmarks in the number of inserted jumper, delay, skew, power, and total vias. FED
model with 130nm fabrication parameters is used to calculate delay and the upper bound of antenna effect Lo is given
as 200pum. The ratio is defined as JI/PMXF or PADJI/PMXF. From the table, PADJI inserted 46.12% less jumpers than
JI on average. Hence, PADJI had better performance of 0.0932%, 0.0913%, and 46.18% on average in terms of delay,
power, and total vias, respectively, compared with JI. Moreover, the proposed wire sizing technique can maintain the
zero skew property of given X-clock trees. Comparing with PMXF, PADIJI slightly increased 0.0672% in delay,

0.0749% in power, and 17.21% in total vias due to fixing antenna violations with jumper insertion.
TABLE VI COMPARISON OF PMXF [21], JI [20], AND THE PROPOSED PADJI ALGORITHMS BASED ON 130NM FED MODEL AND Ly,=200uM.

Bench #Sinks #Inserted Jumper Delay (ps) Skew (ps) Power (W) Total vias
marks JI PADJI PMXF JI PADJI PMXF JI PADJI| PMXF J PADJI |PMXF| JI |PADII
Primaryl | 269 211 79 0.059456 | 0.059495 | 0.059483 || 0.000806 | 0.000816 0 0.174272 | 0.174341 | 0.174322 || 1194 | 2014 | 1352
Primary2 | 603 353 305 0.254020 | 0.254135 | 0.254113 || 0.000688 | 0.000694 0 0.412771 | 0.412895 | 0.412874 || 2350 | 3720 | 2960
rl 267 207 115 0.310696 | 0.311018 | 0.310928 || 0.000360 | 0.000389 0 0.063340 | 0.063405 | 0.063359 || 1220 | 2022 | 1450
r2 598 439 256 1.125454 | 1.126724 | 1.125910 || 0.000859 | 0.000975 0 0.156019 | 0.156188 | 0.156067 | 2846 | 4646 | 3358
r3 862 642 378 1.803820 | 1.805865 | 1.804441 || 0.001217 | 0.001301 0 0.210124 | 0.210368 | 0.210197 || 4020 | 6562 | 4776
r4 1903 1421 815 4.804431 | 4.810863 | 4.806244 || 0.002762 | 0.003736 0 0.487032 | 0.487646 | 0.487208 || 9158 | 14866 | 10788
rs5 3101 2283 1292 | 8.585707 | 8.597276 | 8.588974 || 0.003049 | 0.004162 0 0.809903 | 0.810941 | 0.810201 || 14585 | 23555 | 17169
51423 74 54 20 0.007489 | 0.007509 | 0.007492 || 0.000038 | 0.000041 0 0.006009 | 0.006039 | 0.006028 | 351 559 391
§5378 179 137 70 0.017915 | 0.017965 | 0.017930 || 0.000033 | 0.000027 0 0.015470 | 0.015508 | 0.015490 || 772 1308 | 912
s15850 597 414 166 0.049893 | 0.050067 | 0.050013 || 0.000124 | 0.000159 0 0.058674 | 0.058830 | 0.058722 || 2711 | 4399 | 3043
Average Ratio - 0.5388 1.001604 | 1.000672 - - - - 1.001662 | 1.000749 - 1.6339 ] 1.1721
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The proposed PADJILA algorithm has integrated PADJI and the LayerAssignment procedure to reduce the number
of inserted jumpers in advance. Table VII lists the experimental results of all the benchmarks constructed and fixed by
PMXF, JILA [20], and PADJILA algorithms, respectively. The ratio is defined as JILA/PMXF or PADJILA/PMXF.
Comparing Tables VI and VII, the number of inserted jumpers required by JILA and PADJILA can be effectively
reduced compared with JI and PADJI. Moreover, PADJILA inserted 48.21% less jumpers than JILA on average and
respectively achieved reductions of 0.0242%, 0.0186%, and 20.36%, in delay, power, and total vias, compared with
JILA. Comparing with PMXF, PADJILA slightly increases 0.0297% in delay, 0.0536% in power, and 0.87% in total
vias. It is obvious that the proposed PADJI and PADJILA algorithms outperformed other methods significantly.

In order to examine the proposed algorithms in the advanced manufacturing process, Table VIII respectively lists the
experimental result of PADJI and PADJILA based on 70nm technology. The ratio is defined as PADJILA/PADIJI.
From the table, PADJILA made improvements of 95.4%, 0.0043%, 0.0019%, and 6.27% on average in the number of
inserted jumpers, delay, power, and total vias, respectively. Figure 17(a) shows the full chip and local views of
benchmark r4 fixed by the proposed PADJI algorithm. Figure 17(b) presents the other routing result fixed by PADJILA
algorithm. For fixing antenna violation, the inserted jumpers shown in the local views are represented with the squares
labeled in J. Comparing the three local views respectively shown in the right sides of Figs. 17(a) and 17(b), the number
of inserted jumpers can be effectively reduced by layer assignment method to improve delay and power consumption.
In contrast, the case shown in Fig. 14 is a small scale X-clock routing and its congestions of high metal layers (M3 and
M4) are lower than those of benchmarks. Therefore, the decrease degree of total vias listed in Table III is higher than

that listed in Table VIII.
TABLE VII COMPARISON OF PMXF [21], JILA [20], AND THE PROPOSED PADJILA ALGORITHMS BASED ON130NM FED MODEL AND Ly,=200uM.

Bench #Sinks #Inserted Jumper Delay (us) Skew (us) Power (W Total vias
marks JILA [PADJILA| PMXF JILA [PADIJILA | PMXF JILA | PADJILA | PMXF JILA | PADJILA |[PMXF | JILA |PADJILA
Primaryl | 269 12 3 0.05945610.059472 | 0.059461 [10.000806 | 0.000813 0 0.17427210.174299| 0.174281 || 1194 | 1520 1200
Primary2 | 603 8 7 0.2540200.254089 | 0.254059 [10.000688 | 0.000700 0 0.412771]0.412839| 0.412813 || 2350 | 3107 2364
rl 267 13 7 0.3106960.310805 | 0.310784 [10.000360 | 0.000399 0 0.063340| 0.06336 | 0.063355 || 1220 | 1470 1234
r2 598 22 12 1.12545411.125812 | 1.125730 [10.000859 | 0.000909 0 0.156019]0.156061 | 0.156049 || 2846 | 3299 2870
r3 862 37 20 1.803820(1.804302 | 1.804236 10.001217 | 0.001165 0 0.210124]0.210189| 0.210175 || 4020 | 4702 4060
r4 1903 80 32 4.8044314.806045 | 4.805609 [10.002762 |0.002551 0 0.4870320.487185| 0.487146 | 9158 | 10597 | 9222
r5 3101 145 71 8.585707|8.588937 | 8.588136 [10.003049 | 0.003488 0 0.8099030.810178 | 0.810109 | 14585 | 17000 | 14727
s1423 74 0 0 0.00748910.007494 | 0.007491 {10.000038 | 0.000041 0 0.006009 | 0.006029 | 0.006027 || 351 399 351
$5378 179 13 8 0.017915]0.017937 0.017926 {10.000033 | 0.000030 0 0.015470)0.015486 | 0.015480 || 772 | 1003 788
s15850 | 597 32 13 0.049893 1 0.049958 | 0.049921 [10.000124 | 0.000143 0 0.058674 | 0.058732| 0.058698 | 2711 | 3350 2737
Average Ratio - 0.5179 - 1.000539] 1.000297 - - - - 1.000722| 1.000536 - [1.2123] 1.0087
TABLE VIII COMPARISON OF THE PROPOSED PADJI AND PADJILA ALGORITHMS BASED ON 70NM ED MODEL AND Ly,=100uM.
Bench #Sinks #Inserted Jumper Delay (us) Skew (us Power (W Total vias
marks PADIJI |PADJILA| PMXF PADJI |PADJILA | PMXF | PADJI | PADJILA | PMXF PADIJI | PADJILA [PMXF | PADJI |PADJILA
Primaryl | 269 103 6 0.182017]0.182036 | 0.182026 || 0.002284 0 0 1.660459 | 1.660469 | 1.660469 || 1081 | 1287 1193
Primary2| 603 332 8 0.59899310.599016| 0.599001 || 0.004528 0 0 4.028535|4.028721 | 4.028604 || 1803 | 2467 2241
r1 267 120 3 0.298881(0.298922 | 0.298903 |/ 0.000297 0 0 0.230762 | 0.230781 | 0.230771 || 1214 | 1454 1389
r2 598 278 14 0.646688 | 0.646757 | 0.646733 [0.000438 0 0 0.552051 | 0.552109 | 0.552090 || 2708 | 3264 3115
r3 862 405 26 1.210099 | 1.210222 | 1.210183 |10.000208 0 0 0.808037 | 0.808115 | 0.808096 || 4134 | 4944 4730
r4 1903 864 48 3.409288 | 3.409644 | 3.409538 || 0.000969 0 0 1.961904 | 1.962100 | 1.962041 || 8986 | 10714 | 10205
r5 3101 1417 78 6.757963 | 6.758670 | 6.758445 ]0.001092 0 0 3.370986 | 3.371318 | 3.371221 [ 14608 | 17442 16553
51423 74 30 1 0.0139470.013949 | 0.013948 [0.000029 0 0 0.035684 | 0.035684 | 0.035684 || 359 419 382
$5378 179 73 3 0.029410|0.029414 | 0.029412 |0.000080 0 0 0.102754 | 0.102764 | 0.102764 || 782 928 910
s15850 | 597 270 15 0.12284210.122857| 0.122856 | 0.000113 0 0 0.413496 | 0.413535| 0.413535 || 2600 | 3140 3112
Average Ratio - 0.046 - 1.000110] 1.000067 - - - - 1.000073 | 1.000054 - 1.2106 | 1.1479

(0, 126988) (126988, 126970)

(0,0) (126970, 0) (0,0) (126970, 0)
(a) (b)

Fig. 17. Full chip views and local views of r4 constructed by PMXF and fixed by (a) PADJI and (b) PADJILA.
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VII. Conclusion

Antenna effect is one of the DFM (design for manufacturing) problems in nanometer process. This work proposed a
discharge-path-based antenna detection algorithm and achieved antenna violations free X-clock routings with jumper
insertion algorithm. Moreover, the proposed algorithm integrated layer assignment method to reduce the number of
inserted jumpers for clock delay and power consumption improvements. For via timing impact consideration,
experimental results revealed that the influences on delay and power consumption are very slight. However, modern
complex multi-level VLSI designs wherein the number of vias is on the order of 50 million and even higher. Hence, not
only clock tree construction but also jumper insertion and layer assignment for eliminating antenna effect should
consider via timing impact seriously. For other DFM issues, the work can be extended to combine with optical
proximity correction (OPC) and double via insertion into X-clock routing. For the clock tree optimization, buffers are
inserted on the interconnections to improve clock delay. However, the metal wires connecting the input ports of buffers
may accumulate sufficient charges to damage the gates of buffers. Therefore, the buffered clock trees should require
more jumpers to fix antenna violations compared with bufferless clock trees.
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