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ABSTRACT
Power consumption of system-level on-chip communications
is becoming more significant in the overall system-on-chip
(SoC) power as technology scales down. In this paper, we
propose a low power design technique of gated bus which
can greatly reduce power consumption on state-of-the-art
bus architectures. By adding demultiplxers and adopting
a novel shortest-path Steiner graph, we achieve a flexible
tradeoff between large power reduction versus small wirelength increment. According to our experiments, using the
gated bus we can reduce on average 93.2% of wire capacitance per transaction, nearly half of bus dynamic power and
on a scale of 5%∼10% of total system power.
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General Terms
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1.

INTRODUCTION

System-on-chips (SoC) are nowadays being developed with
increasing complexity and on-chip communication demand.
However global on-chip wires which are to meet this demand
do not scale well towards 35nm feature size [9]. As a result,
global interconnect is becoming a bottleneck of improving
system performance and power consumption [12]. Bus architectures are therefore regarded as an important aspect
in low power SoC design. Current state-of-the-art bus architectures including AMBA [18], CoreConnect [19], Avalon
[20], AMBA AHB bus matrix [13], etc, provide solutions for
SoC on-chip communications. Research in [12] shows that
these bus circuits may consume as much power as other major components such as processor, memory controller and
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cache. Therefore, reducing power on buses makes significant
contribution to the whole system’s power consumption.
Techniques of clock gating [6] and power gating [14] have
been widely and effectively used to reduce power consumption of electronic systems, among which clock gating reduces
dynamic switching power, and power gating reduces static
leakage power. Both of the techniques save power by masking off signal/power when/where it is not needed. Since a
clock distribution network consumes more than 40% of the
total power budget of a CMOS circuit, clock gating has become a necessity in most digital circuit designs. We find that
bus connections in current communication architectures are
facing a similar (if not the same) situation as clock networks.
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Figure 1: A signal switching on AMBA data bus
Figure 1 shows the wires and fanouts involved in the signal switchings of a data transaction (highlighted arrows) in
AMBA bus architecture. Microprocessor 1 sends data to
slave 1 through the data multiplexer and a wire net which
connects all the slaves. While only the input on slave 1 needs
the signals, the entire net and the input stage of other slaves
are all driven, resulting in a low power efficiency. Considering the distance d between processor 1 and slave 1, ideally
the wire used for the transaction needs only length of d, so
most of the switching power on the wire net and fanouts are
wasted. If we can mask off the wires not leading to slave 1,
like clock gating, the power can then be saved.
In this paper, we propose a physical level on-chip bus gating scheme which can greatly reduce power consumption of
current bus architectures. We focus on minimizing the total
capacitance of the driven circuit in each transaction which
determines its dynamic power. Distributed multiplexers and
demultiplexers are used on a shortest-path Steiner graph to
ensure minimum wire capacitance, with some increased total
wirelength that can be cheaply traded off.
There is a body of work on bus power analysis on systemlevel and RTL-level such as [3], [12] and [13], which provide
valuable data and orientations. Physical-level approaches

like bus segmentation [4] and bus splitting [11] reduce bus
power by masking off certain bus segments, which has a
similar effect as bus gating. However the bus structures
in [4] and [11] are limited to tree structures, and the bus
type is bi-directional shared bus which is not suitable for
on-chip communications. To the knowledge of the authors,
this paper is the first attempt to optimize state-of-the-art onchip bus power consumption by gating techniques applied on
a non-tree structure.

2.
2.1

2.2

Design flows

Physical-level design of electronic systems starts from gate
level netlists and goes through placement, routing, timing/
power analysis, etc. Since the buses are included in the
system as components, bus gating will result in updates on
the original netlists of logic design. Figure 3 shows the stage
of bus gating fitted in the physical design flow.
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Figure 2: AMBA AHB on-chip bus
In these on-chip buses, the signals coming from a master
go though a selection multiplexer, and then sent to all the
slave inputs. This applies on the address bus, data bus,
and reversely on the slave-to-master data bus. It may be
the simplest way of implementing the bus architecture, but
as mentioned before (figure 1), the power efficiency of this
implementation is quite low. The entire wire net plus all
the input stages of connected components are all driven by
the multiplexer, while only one component needs the signals.
Due to poor scaling of global wires and increasing number
of components in SoCs, the limitations of such connections
may seriously deteriorate system power consumption.
Gated bus is a solution to eliminate the wasted dynamic
power. Like clock gating, bus gating can mask off unnecessary load capacitance on the net, which is especially large on
AMBA bus wire nets. Besides, the physical routing of wire
nets can change from minimizing total wire length to minimizing individual path lengths, which can further reduce
wire capacitance induced by data transactions. Meanwhile,
the main arbitration and control mechanism in the original
bus architecture does not need to be changed.
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The AMBA bus architecture [18] is one of the most popular commercial on-chip communication architectures. Figure 2 is a sketch of the components and interconnections in
AMBA AHB (Advanced High-performance Bus) protocol.
AHB supports up to 16 masters and 16 slaves. A master
initiates a bus transaction by providing address to the decoder and control information to the arbiter. Arbiter ensures only one master at a time is allowed to use the bus.
Decoder finds the slave corresponding to the address. A
slave responds passively. AHB can connect to an APB (Advanced Peripheral Bus) bus on a lower hierarchy via the
AHB-APB bridge, which is a slave of AHB and the only
master of APB. Another bus architecture CoreConnect [19]
contains an OPB (On-chip Peripheral Bus) protocol which
has a structure similar to that of AMBA AHB.
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Figure 3: Physical design flow with bus gating
Like clock gating, the added gating stage is dependent on
circuit placement, while the placement may also be updated
by the gating. This may bring extra complexity on the flow,
but the update by bus gating is not large and can be automated with appropriate algorithms.

3.

MINIMIZING DYNAMIC POWER

3.1

Distributed multiplexer and demultiplexer

A simple bus gating technique is to add a demultiplexer
after the multiplexer, so that only a single path of bus wires
is driven at a time. The selection signals are from the arbiter
at masters’ side and from the decoder at slaves’ side. In
this way, not only the wire branches to other components
are masked off, the connection can also take the shortest
path to minimize wire capacitance. However, there are also
two problems: single demultiplexer requires more routing
resources, and the path length of different data transactions
cannot be all minimized.
By distributing the big multiplexer and demultiplexer in
to small ones over the nets, the wires can be shared by paths
and therefore reduced. The CoreConnect OPB [19] bus supports distributed multiplexers for design flexibility, but no
demultiplexers are used. If we add both to AMBA AHB or
CoreConnect OPB, as shown in figure 4, the effect is both
reduced wire length and masked off wire capacitance. There
is an overhead of distributing the control signals, but the
number of such wires is small compared to the bus width
(at least 32-bit address lines and 32-bit data lines). And
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Figure 4: Using distributed multiplexers and demultiplexers on AMBA AHB

since the control signals remain still during a transaction,
the dynamic power overhead is negligible.
In current bus architectures, the wire nets connecting all
the master (or slave) inputs are best routed on a minimal
Steiner tree. With distributed demultiplexers, the best result is a shortest-path Steiner tree/arborescence [15], [5],
because on each transaction, signals are delivered on only
one path. From the conclusion of [1], switching from RMST
(rectilinear minimal Steiner tree) to MRSA (minimal rectilinear Steiner arborescence) only induces 2%∼4% of additional wirelength on average. So by the distributed demultiplexer alone, the simple bus gating can effectively eliminate
most of the dynamic power on bus wires and input stages of
bus components.

tion the multiplexer needs at least length l to connect s1 ,
s2 and length l to connect t1 , t2 . We can reduce it to just
over 2l by combining the nets on the two directions, since
only one master device can access the bus at a time, double wires are enough to support all-direction transactions.
Plus the address bus, the total wirelength is 4l vs 6l. The
signal switch in figure 6(b) acts as a mixed multiplexer and
demultiplexer, controlled by 3 or less extra control signals.
In average cases with well optimized Steiner graph, the wire
length increment is small compared to the power reduction
it brings (detailed results in section 5).

s

3.2

Shortest-path Steiner graph

The modified bus in figure 4 has a tree structure such
that every path from its root (set between the last multiplexer and the first demultiplexer) to a leaf is the shortest
path, i.e. an arborescence structure. However, in figure 4,
the path length from source s1 to terminal t1 is larger than
the Manhattan distance between them. The tree structure
has limitations in that there is only one root placed at a
certain point, which may not be on the shortest path of every connection. We use Steiner graph replacing the Steiner
arborescence to enable overall path optimizations.
As defined in [2], for an unweighted graph G = (V, E),
a (possibly weighted) graph G0 = (V 0 , E 0 , ω) is a Steiner
graph of G if V ⊆ V 0 , and for any pair of vertices u, w ∈ V ,
the distance between them in G0 (denoted dG0 (u, w)) is at
least the distance between them in G (dG (u, w)). In our bus
communication, the original graph G has full connections
between a set of masters s1 , s2 , · · · , sm and a set of slaves
t1 , t2 , ..., tn . Additional vertices are added into G0 as Steiner
points. If for any si , tj , dG0 (si , tj ) equals their rectilinear
distance, G0 is a shortest-path Steiner graph.
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Figure 6: Sharing wires by controlled switches

4.

HEURISTICS FOR GENERATING
SHORTEST-PATH STEINER GRAPHS

In our problem of minimal shortest-path Steiner graph,
the locations of a set of sources s1 , s2 , · · · , sm and terminals
t1 , t2 , ..., tn are given, and the objective is to find a rectilinear routing solution containing all the source-to-terminal
shortest paths, with total wirelength as small as possible.
In single source cases, this is a rectilinear Steiner arborescence (shortest-path tree) problem which has been studied
by [15], [5], etc. Finding the exact solution of a mininum rectilinear Steiner tree (MRST) is NP-complete [7], and finding
a minimum rectilinear Steiner arborescence (MRSA) is believed to be hard [15] although without hardness proof. For
practical use, several efficient heuristic algorithms are introduced and compared in [5], among which the 2-IDeA/G
algorithm has the best average performance over runtime.
In general cases containing multiple sources, the problem
has not been studied before. We adopt the the 2-IDeA/G
heuristic as basis and add more heuristics to construct the
shortest-path Steiner graph.

D

4.1

s2

The k-IDeA/G (iterated k-deletion for arborescence) algorithm [5] is based on the RSA heuristic (denoted RSA/G),
which is proved to be 2-approximate in [15].
The basic flow of RSA/G is to start with n terminals as n
subtrees and iteratively merge a pair of subtree roots v and
v 0 such that the merging point is as far from the source as
possible, so that the wires can be shared as much as possible.
It terminates when only one subtree remains. For efficient
implementation, the RSA/G first sorts all the nodes on the
Hanan grid [17] in decreasing distance to the source s, and
visits each node maintaining a peer set P of subtree roots.
Details are in the pseudo code in table 1. We denote the
rectilinear distance from s to v as ∆s (v) or ∆(s, v). Two
basic operations are used in RSA/G at: terminal merger
opportunity (TMO), when a terminal is added into P as
a subtree; and Steiner merger opportunity (SMO), when
|X| ≥ 2 and the subtrees in X are merged.
The heuristic of iterated k-deletion proposed in [5] is to

Figure 5: Shortest-path Steiner graph connections
Figure 5 shows a shortest-path Steiner graph of the connections between {s1 , s2 } and {t1 , t2 }, and also its bus implementation on both master-to-slave and slave-to-master
directions. This Steiner graph is minimal in terms of total
wirelength. The loop in the center is necessary for including
all the shortest paths of connections.
A bus architecture consumes minimal dynamic power using wire tracks of a shortest-path Steiner graph, combined
with corresponding controls. A possible problem is that the
loops require additional routing resources as well as control
overhead. But sometimes the wirelength can also be reduced
by sharing master-to-slave and slave-to-master connections.
As illustrated in figure 6(a), the data bus in current bus
architectures needs over 4l of length, because on each direc-

k-IDeA/G heuristic for MRSA

Table 1: The RSA/G algorithm
Given a source s and n terminals t1 , · · · , tn ,
v1 , · · · , vN are the Hanan grid nodes sorted by
∆s (v1 ) > · · · > ∆s (vN );
P ← φ;
for i = 1 to N do
if there is tjSat vi , then
(TMO)
P ←TP {vi };
X ← P {vj |∆s (vj ) = ∆s (vi ) + ∆(vi , vj )};
if (|X| ≥ 2) then
(SMO)
merge the
nodes
in
X
rooted
at
v
i
S
T
P ← (P X) {vi };
return the arborescence rooted at s;

remove up to k nodes from v1 , · · · , vN when running the
RSA/G algorithm. By removing some nodes, the SMO
merges are skipped at those points, which in some cases
can result in better overall solution. In each iteration of the
k-IDeA algorithm, all the combinations of skipping k or less
nodes are tried in the RSA/G and the best set of skipped
nodes are marked as permanently deleted. The iterations
are then repeated until no further improvement is obtained.

4.2

Multiple MRSA construction with shared
wires

With multiple sources s1 , · · · , sm , our algorithm needs to
construct a Steinter graph G which contains all the MRSAs
starting form every source. While each MRSA is minimized
by k-IDeA, the m arborescences should share as much wire
as possible to minimize total wirelength on G. We devise
additional heuristics based on k-IDeA to construct multiple
MRSAs one by one, explained as follows.
First, on each MRSA (rooted at si on ith iteration) construction, the terminals requiring connections can move towards the source si along existing edges of G, so that the
wires can be reused and shared. As shown in figure 7, with
the wires of previous aborescences, we only need to connect 8
nodes instead of the original 16 terminals to form the MRSA
rooted at s2 , because all the other terminals can be reached
from one of these nodes with shortest path from s2 . This
set of nodes (denoted T 0 ) can be obtained by checking each
terminal tj , which necessitates a shortest-path connection
from si . Starting from ti , we move towards si as much as
possible along existing wire paths until reaching a vertex v
(a terminal or a Steiner node) in G where no vertex closer
to si can be reached, then add it to T 0 . When there are
multiple paths in the graph, we pick the final vertex closest
to si so the rest part of the path is short and likely to need
less wires. Details are in routine ‘Necessitate(v)’ in table 2.
s2
s1

New source

Steiner point in T’
Terminal in T’

Figure 7: Nodes requiring connections

Second, we construct the MRSA on the set of nodes T 0
using existing wires. The TMO condition is then changed to
vi ∈ T 0 . The SMO condition is changed, also for the purpose
of wire reusing, from |X| ≥ 2 to |X| ≥ 2 or (|X| = 1 and
vi ∈ G). Because when vi is already in the graph, it can
share wires with the node in X like the case when |X| ≥ 2
in RSA/G. As figure 8 shows, when X contains only one
node {t2 }, it should be connected into G when vi comes to
t3 , and half of the connection length can be saved using the
existing horizontal wire. The detailed algorithm is described
in table 2, where routine ‘connect(u, v)’ uses existing wires
if applicable on shortest connections.

s1

t3
t2
t1

s2

v = t3
P = {t2}
X = {t2}

t3

i

t1

t2

s2

P = {t3}

Figure 8: Connecting a node into the Steiner graph
Table 2: Revised RSA/G’ algorithm
Given existing Steiner graph G, source sk , terminals
t1 , · · · , tn , and v1 , · · · , vN are same as in RSA/G;
Routine Necessitate(vertex v);
U ← {u ∈ G and exists a wire path from
v to
S u of length ∆sk (v) − ∆sk (u)};
T 0 ← T 0 {um ∈ U with minimum ∆sk (u)};
T 0 ← φ;
for i = 1 to n do Necessitate(ti );
P ← φ;
for i = 1 to N do
S
0
if vi ∈ TT
then P ← P {vi };
(TMO)
X ← P {vj |∆sk (vj ) = ∆sk (vi ) + ∆(vi , vj )};
if (|X| ≥ 1 and vi ∈ G) then
(SMO)
for eachT(u ∈ X) connect(vi , u);
P ← P X;
Necessitate(vi );
else if (|X| ≥ 2) then
(SMO)
merge the
T nodes
S in X rooted at vi
P ← (P X) {vi };
return;
(the MRSA rooted at sk is added to G)
The k-IDeA iterations remain unchanged. After the shortest path Steiner graph is constructed by applying k-IDeA
on the m sources, there are possibly some redundant edges
that can be removed. So the final step is to check each
edge (vi , vj ) ∈ G, if G still contains all the master-to-slave
shortest paths without (vi , vj ), remove edge (vi , vj ).

4.3

Switch control signals and wires

Besides the main part of bus wires, we have control signals
for the switches on each Steiner node or terminal of G. When
master si obtains the bus access from the arbiter and calls
slave tj by giving its address to the decoder, the connection
is established through a shortest path in G, and the switches
will guide the signals along this path. With pre-computed
shortest paths, the control signals of each switch can be
saved in a lookup table Cdat (v, si , tj ), v ∈ G.
The control on data bus is relatively simple. The degree
of a Steiner node can be 3 or 4 (si or tj on a 4-degree node
can be connected beside the node through a 3-way switch).

¡ ¢
For a full 4-way switch as in figure 6(b), there are 6 = 42
configurations to connect 2 ports out of 4, so 3 wires are
enough to send control signals (23 configurations)
for this
¡ ¢
switch. And for a 3-way switch with 3 = 32 configurations,
which is most common on the Steiner graph on random test
cases, 2 wires are needed. Note that the connection is always between a master and a slave, so when some ports of a
switch lead to only masters (or only slaves), the number of
configurations may be reduced. For instance, every Steiner
nodes in the tree of figure 7 has degree 3, but only 1 edge
leads to the source (tree root). Thus, each switch needs only
one control signal to guide the master-to-slave connection.
For address bus, the master-to-slave connection control
can be shared with the data bus control. But there is also
a master-to-decoder connection for each si , so the address
signals go through another path to the decoder. All these
paths form an MRSA, which is a subgraph of G. Each switch
needs 1 or 2 control signals from a separate lookup table
Cadd (v, si ).

5.

large, power intensive transactions can be transmitted by
burst operation [18] which sends only one value on address
bus. By the data in [12], the power on wires presents 14%
of the bus power. Another 35% power consumed by bus interfaces (input stage of masters and slaves) is also reduced
or n−1
, because the unselected devices conby about m−1
m
n
sume power by merely observing the AHB traffic in current
AMBA AHB, and by [16] the wasted dynamic power dominates under the 0.15µm technology in [12]. In conclusion,
nearly half of the power consumed by the AMBA AHB bus
can be saved with bus gating. The percentage may vary as
leakage power scales up with technology, but the bus wires
are also scaling up and becoming a more important factor
[9]. Considering that the bus consumes about 15% of the total system power in [12], bus gating may result in 5%∼10%
of system power reduction.

EXPERIMENTAL RESULTS

We compare three types of buses in our experiments: a)
the original AMBA AHB, b) Steiner arborescence bus (as
figure 4), and c) shortest-path Steiner graph bus. The three
bus architectures are constructed on a set of cases with fixed
placement of components. We list the average wire capacitance driven by data transactions in table 3 and the total
wirelength in table 4.
For the original AMBA AHB, the wire net connecting the
s1 , · · · , sm (or t1 , · · · , tn ) is routed as a Steiner tree. There
are heuristics such as BI1S [8] and BOI [10] producing near
optimal RMSTs (rectilinear minimum Steiner tree). We implement BOI to minimize the Steiner tree, and the multiplexer (MUX) is placed at the Steiner node where the total
wirelength from t1 , · · · , tn (or s1 , · · · , sm ) is minimal. The
bus control units (arbiter and decoder) in all cases are placed
at center of the chip so that the overall wirelength is relatively small for control signals.
Table 3: Average data transaction wire capacitance
Case(m, n)
AHB MRSA SPSG
Psave
T0 (1,16)
5934
1638
469
72.4%∼92.1%
T0 (2,16)
7584
2138
613
71.8%∼91.9%
T0 (3,16)
8418
2038
635
75.8%∼92.5%
T1 (3,16)
14550
4067
1754 72.0%∼87.9%
T2 (2,30)
12305
2074
669
83.1%∼94.6%
T3 (3,16)
8230
2019
691
75.5%∼91.6%
T4 (5,15)
9674
1862
689
80.8%∼92.9%
T5 (6,16)
11210
2012
694
82.1%∼93.8%
T6 (8,8)
8952
1945
689
78.3%∼92.3%
T7 (12,6)
12107
1933
657
84.0%∼94.6%
T8 (16,10)
14377
1905
683
86.7%∼95.2%
T9 (8,16)
11652
1883
618
83.8%∼94.7%
T10 (8,16)
12899
2103
749
83.7%∼94.2%
T11 (6,12)
8970
1897
668
78.9%∼92.6%
T12 (12,12) 13242
1936
669
85.4%∼94.9%
Table 3 shows the large power saving on wires by bus gating. For each transaction, bus gating can reduce the driven
wires from a large net to a single path, by which the wire
capacitance on data bus is reduced by over 90% for SPSG
bus. Here we only count shortest paths on data bus, because

(a)

(b)

(c)

(d)

Figure 9: Shortest-path Steiner graphs of T0 & T1

Case(m, n)
T0 (1,16)
T0 (2,16)
T0 (3,16)
T1 (3,16)
T2 (2,30)
T3 (3,16)
T4 (5,15)
T5 (6,16)
T6 (8,8)
T7 (12,6)
T8 (16,10)
T9 (8,16)
T10 (8,16)
T11 (6,12)
T12(12,12)

Table 4: Total
AHB MRSA
11200 10316
14000 11850
16000 13350
27000 15131
23257 16386
15248 11554
17840 13729
20988 15778
16623 15800
22640 13227
27316 17018
22183 16055
24173 15906
16920 12566
25369 17256

wirelength
SPSG
Lincrement
9656
-7.9%∼ −13.8%
14078
−15.4%∼0.6%
21697 −16.6%∼35.6%
18238 -44.0%∼−32.5%
24535
−29.5%∼5.5%
14274 -24.2%∼−6.4%
22792 −23.0%∼27.8%
35287 −24.8%∼68.1%
25297
−5.0%∼52.2%
27113 −41.6%∼19.8%
40844 −37.7%∼49.5%
35267 −27.6%∼59.0%
34337 −34.2%∼42.0%
22070 −25.7%∼30.4%
38305 −32.0%∼51.0%

The total wirelength (including control wires) of the bus
may increase if we ensure all the master-to-slave paths are
shortest. With regular placement of components, such as in
figure 6 or the artificial case T1 in figure 9(d), the wirelength
of SPSG bus can be smaller than AMBA AHB. In random
cases (T2∼T12), the wirelength is increased because more
loops are produced in order to include all the shortest paths,
especially when n and m are both large like the cases T5
and T12 in figure 10. T5 has the Steiner graph with most
wirelength increment, where we can see some long but thin
loops. If we squeeze the loop and combine the two long
edges, we reduce wirelength by just slightly increasing the
length of some master-to-slave paths. When the routing

resource is not abundant, we can reduce wirelength by this
operation. Ultimately if we use the MRSA bus which has on
average 30% less wirelength than the original AMBA AHB,
we still achieve around 80% power reduction on wires and
the same mask-off effect on unselected bus interfaces.

Figure 10: Shortest-path Steiner graphs of T5 & T12
We see a tradeoff between power consumption and wirelength. Figure 11 is drawn by data in the tables above. We
have a flexible choice depending on routing resources, while
in any case bus gating can always save a large percentage
of power consumption on wires. The overhead power on
additional controls and switches is low, considering the total number and activity rate of control signals, and that
repeaters are usually inserted in bus wires to reduce delay.

Current bus
architectures

Power
on wire

Gated bus
(arborescence)

Gated bus
(shortest-path
Steiner graph)
Wirelength

Figure 11: Tradeoff between power and wirelength

6.

CONCLUSIONS AND FUTURE WORKS

Bus gating is a technique of reducing power consumption
using the same effect as clock gating. Due to that only one
pair of master-slave is involved at a time, bus gating can be
more effective in terms of the percentage of power reduction. This percentage may become even more significant as
technology scales down and the size of global wires relatively
scales up.
Moreover, the Steiner graph approach also provides a possibility to allow multiple access as a bus matrix. In fact, if
we are not restricted on resources, a full bus matrix in [13]
added with demultiplexers can be used as a min-power bus,
because the connection between each pair of master-slave is
routed independently. In practice where the resources are
usually limited, the Steiner graphs in figure 10 with appropriate controls also enable some pairs of connections to be
active simultaneously, similar to independent train routes
running on streets. Optimization on these multiple connections is a more challenging problem. Based on our shortestpath Steiner graph, power-bandwidth co-optimization on
bus matrix will be explored in future works for more efficient on-chip communications.
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