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Segmented Bus Design for Low-Power Systems
J. Y. Chen, W. B. Joneylember, IEEEJ. S. Wang, H.-I. Lu, and T. F. Chen

Abstract—This paper' proposes a bus-segmentation method partition a single (and large) bus into several tree-structured
that efficiently reduces the switched capacitance on the t_)us. bus segments that are separated by pass transistors. The
The power consumed by the bus can, therefore, be substantially segmented bus system is designed in such a way that heavily

reduced. The basic idea of bus segmentation is to partition the bus icati devi ted to th d t b
into several bus segments separated by pass transistors. HighlyCommunlca Ing devices aré connecied 10 the adjacent bus

communicating devices are located to adjacent bus segments,Segments. Thus, by turning off some pass transistors, only part
thus, most data communication can be achieved by switching of the bus segments are involved in the data communication
a small portion of the bus segments. As a result, power con- when two devices are performing data exchange. By this
sumption and critical path delay are both reduced. Experimental design, instead of charging or discharging the entire bus,

results obtained by simulating a delay model and a power model | I b f the b t . ved
demonstrate that the proposed segmented bus system reduces bué)n Yy a smail number=o € DUS" Segmentis are Invoive

power by about 60%—70% and improves critical bus delay by iN each device communication, and power consumption
about 10%-30%. can be greatly reduced. Since each data communication is

Index Terms—Bus communication, bus graph, bus segmenta- performed through bus segments which are adjacent, the
tion, bus tree, low-power systems. bus communication speed can be enhanced as well.

This work starts by building the bus graph model for a bus
communication system. Each edge of the bus graph is weighted
by a communication frequency if both devices connected by

ERY large scale integration (VLSI) design for powethis edge have data exchange. Given the weighted bus graph,

optimization to satisfy the power budget is a very impome apply the efficient Gomory—Hu method [8] to partition the
tant research issue. Generally, a bus system consumes a gargle bus into a bus tree where each tree segment is connected
significant portion of power in the whole chip. For exampldyy a single device. A tree-clustering method is then used to
the bus wires dissipate about 15%-30% of total power @onnect several devices into a bus segment if such segment
Alpha 21064 and Intel 80386, respectively [1]. The work bgharing can further reduce the power consumption. In order to
[2] also demonstrates that at least 20%—-35% of total poweregaluate the effect of bus segmentation on the bus speed, a bus
dissipated by the bus wires in the case of quadrature mirdelay model is established to calculate the critical path delay of
filter (QMF) filters. Thus, there have been much research waditke new bus design. Results obtained by computer simulation
attempting to optimize the bus power from different desigdemonstrate that the proposed bus-segmentation approach is
aspects. Basically, most of the work can be divided into threery efficient. In most cases, about 70% of bus power can be

I. INTRODUCTION

categories: saved and bus speed improvement is about 10%—-30%.
1) design of bus drivers/receivers to decrease the bus swing
[31-[5]; Il. THE Bus-GRAPH MODEL

2) encoding techniques to reduce the bus-switching activity ;¢ power model of a circuit is generally expressed as
(6], [7];

3) bus structure redesign to take advantage of local com- P = Z Ci-Viy- fi

munications [2]. ) i o i
, , where(; is the load capacitance of circuitVy, the operation
In this paper, we propose a bus-segmentation method whic o : .
voltage, andf; the switching frequency. With the assumption
changes the bus topology to reduce the power consumptu}n ; : L

. e S . P a fixed operation voltage, the power model can be simplified

without sacrificing the bus speed. The basic idea is Q.
> (G- fi).
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Fig. 1. Bus segmentation.
The first step to solve the bus-segmentation problem is to

and evaluation phase. In the precharge phase, the prechatygracterize the hardware structure that can be mapped into a
pMOS is turned on and the entire bus is charged to higiiaph, called a “bus graph.” Thus, each bus configuration can
voltage. During the bus evaluation phase, the devices on the represented as a weighted undirected gi@dph (V, E)
bus will communicate with each other by enabling the contrathere V' is the set of devices connected to the bus; and
signal (of the sender) and the input latch (of the receivethere exists a weighted edge= (¢, j) if devices¢ and j
Now, if the communication signal is one, the bus remains Imave signal exchange. The weight associated with ¢dgg
high voltage. If signal 0 will be propagated through the buspecifies the communication frequency between devieegl
however, the bus is thus discharged. Since power dissipatjpri-or example, Fig. 2 gives the bus graph for a bus connecting
occurs when a signal 0 is to be propagated through tReven devices. Multiple-bus systems can be modeled similarly.
bus, only the communication frequency for signal 0 must Blevo assumptions are made to simplify further discussions:
considered. To further simplify the investigation, we assunig the length (and thus, the wire capacitance) of each bus
that signal 0 and signal 1 will be propagated through treegment is proportional to number of devices connected to
bus with equal likelihood. Thus, we can only concentrate dhe bus segment and 2) only one sender and one receiver
the communication frequency as far as low power designdse involved at each data transfer. More general cases can
concerned. More general cases with logic value considered ¢en handled with slight modification to the graph model.
be accomplished by computer simulations. Finally, the bus-segmentation problem can be modeled to

As shown in Fig. 1, devices 1 and 2 are connected mrtition the bus graph into a bus tree such that the total
the same bus segment, but separated from others by pasi#ched capacitance and, thus, the power consumption, by
transistors. When device 1 sends a signal to device 2 (intkats switching is minimized.
segment communication), both pass transistors connected tdo further simplify the problem, we assume that exactly
bus segment 1 will be turned off. Thus, the signal onlgne device is connected to each bus segment of the bus
flows within the small bus segment, instead of the entitece. A possible bus-tree implementation for the bus graph of
bus, so this avoids charging or discharging the unnecesskig. 2 is shown in Fig. 3(a) (Fig. 3(b) gives the corresponding
part of the entire bus system. The power saved can be vérys tree). For example, devices 1 and 6 have communication
significant if most data exchanges are performed by intriiequency 0.5, and their communication can be accomplished
segment communication. However, pass transistors musthye routing signals from device 1 to device 2, and then
turned on for inter-segment communication, e.g., segmeént device 6. The switched capacitance between devices
control 1 of Fig. 1 must be turned on if device 1 sends a sigrehd j is the product ofweight. (¢, j) and the capacitance
to device 3. The number of pass transistors to be turned on €, j) required to be charged or discharged, when devices
each inter-segment communication depends on the topologicand ; perform signal exchange. For example, the switched
relationship among the devices and the bus architecture. Theepacitance between devices 1 and’6], 6), can be roughly
it is important to organize the bus architecture such that mesttimated by.5- C(1, 6) =0.5-3-Cs = 1.5 - Cs, whereC;
data exchanges will be performed within the bus segmentsis the capacitance introduced by each bus segment (including
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inactive device i2Csp, one contributed by the latch

CIH and the other by the nMOS for output control. During
T/\/\N\/\T the evaluation phase, the input/output capacitance of
1 oo T Cso the inactive device will be discharged, even though
. = = the device is not involved in the data communication.
@ ) Cr,.. pass transistor capacitance when it is turned on. This
) ) value equal2Csp.
Fig. 4. (a) The nMOS schematic. (b) The nM®E model. Cr.,.: capacitance seen from one side of a turned-off pass
transistor. In this case, only one diffusion capacitance
BUS DO ~Dataln is counted so the value @, is Csp.
== n: number of bus segments charged or discharged for
communicating devices and j.
n':  number of pass transistors which must be on for
communicating devices and j.
enable Dataln n”:  number of pass transistors which must be off to
@ isolate the unused bus segments for communicating
devices: and j.
5"l Rrecv=R i o extra capacitance (other thary,) introduced by the
1ﬂ/\/v\/\/T input latch of the receiving device and the output
T n~=CsD TCiL =2C sp +3Cin control transistors of the sending device.
= = Supposen bus segments are traversed for the purpose
of communication between devicésand j. Since the bus
() topology is a tree, the number of pass transistors that must be
Fig. 5. The input latch model. turned on ishn—1. Therefore, we have’ = n—1. Furthermore,

the number of gates that must be turned off is, at m&3t-n,

the wire and device capacitances). The general case whhere| V] is the total number of devices on the bus tree. Note
more than one device is connected to each bus segment it the pass transistors which are not directly conn_ected to
be discussed in the following section by the tree-clusterir]iBe com_munlcanon path do not have to b? t_urned O_ff sihce the
technique. control lines of the unused devices prohibit bus discharging.

"o
If device 1 is sending a logic 0 to device 6, as showhnus: the value ofa” is, at most,|V'| —=. By the above
in Fig. 3, for example, then several components will pdiscussion, the capacitance cost formula can be upper bounded

discharged during the evaluation phase. These compondhtdt (7—1)+k2 wherek, andk; are the following constants:

include: 1) the input/output switches for devices 1, 2, and 6; 9
(Cow+Cy) n+Cr,, - (n—D)+Cr, -n +a

2) the bus wires for devices 1, 2, and 6; 3) the pass transistors
which must be turned on, i.e., those between device pairs S(Cyp+Cy+Cr, —Crp) (n—1)
(1, 2) and (2, 6); and 4) pass transistors which are turned +(Co+Cy+COp - |V]| = Oy + )

off, i.e., those between device pairs (2, 3), (5, 6), and (6, 7).
Consequently, the capacitance cost of a signal communication
between devices and j can be estimated by the formula

:kl-(n—1)+k2.

For example, in Fig. 3, the capacitance cost for device 1 to

n-Cp+n-Cg+Cr -0 +Cr, -n"+a send a logic 0 to device 6 can be estimated by assigning 3

to n. Note that the capacitance introduced by device connec-

where the notation is defined as follows. tions (i.e., the input latch and output control transistors) are
C.: wire capacitance of a bus segment. considered by the term- C,. However, in Fig. 3, the sending

Cy:  input/output capacitance of a device which is turnedevice 1 and receiving device 6 each contributes more than
off. We have shown how a device is connected into@s. Consequently, the constantis added to take this factor
bus segment in Fig. 1 where each device has an ingato account.
latch to receive data from the bus, and two output
nMOS transistors to send data to the bus. Basically,
an nMOS transistor can be modeled as shown in
Fig. 4, whereC}, is the gate input capacitance and By the above discussion, we know that, in order to achieve
Csp is the source/drain to substrate capacitanclew-power design for a bus organization, it suffices to mini-
Additionally, an input latch is shown in Fig. 5. Now, mize the numbe(n — 1) of traversed bus segments for each
if the latch enable signal is turned off, the capacitangeir of data communication. We need the following definitions
seen from the bus is only an nMOS transistor, whicto formally define the bus-segmentation problem:
is turned off. Thus, only one&’sp is contributed Definition 3.1: The distance of two nodeg j, denoted
to the capacitance calculation as far as the latch d$st(7, ¢, 7), on a treeT is the number of edges traversed
concerned. The total input/output capacitance of d&rom 4 to j on 7.

lll. THE BUS-SEGMENTATION PROBLEM
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TABLE |
SIMULATION RESULTS
1 Original Bus Segmented Bus
power critical delay power critical delay

2088.38 fF | 9.67781 ns | 719.046 fI" | 6.77183 ns

Fig. 6. The tree of super nodes after obtaining the minimum 1-2 cut.
transistor. However, ifD; communicates with a device other
than D5, then the switched capacitance might be increased
because the signal unnecessarily charges longer bus wire due

0. 0.5 to the removal of the pass transistor betwégnand S,.
15 /7N 16 3/ os _ To furt_her_ lower the power cost, we give a heurlstlc_ algo-
1 Q/ \9 \3/ 5 rithm which incrementally (and locally) improves the switched
_ _ capacitance. The algorithm arbitrarily selects an edgethe
Fig. 7. The final topology of the super nodes. bus tree already derived and tries to merge the corresponding

o ) ~ two end-nodes (devices) efinto one generalized node (the
Definition 3.2: The linear arrangement cost of a spanninggme bus segment). If this merging results in smaller power
tree 1" corresponding to a weighted grapt¥, denoted cost then these two nodes will be melded into the same
costra (T, G), is cluster. Otherwise, the algorithm will give up the merging
. . .. process fore. This process is repeated until merging two
Z weight; (e) - dist(7), 4, j). generalized nodes for any edge will not further reduce the
e=(i, ek switched capacitance. Note that the power cost is derived by
Finally, the bus-segmentation problem can be defined @dumerating the (weighted) switched capacitance for each pair
follows: Given a weighted undirected gragh= (V, E), the of data communication using the formula given in Section Il
bus-segmentation problem is to identify a spanning tfee
whose linear arrangement caststy o (7, G) is minimum. V. SIMULATION RESULTS

An optimal solution can be found for our bus-segmentation |, ;s section, to evaluate the performance of the proposed

_prob_lem using ahrtnzthocé pro(?_osetd(;)y Gorr?otLy a(r;d Hu [S]HThB'ﬁs-segmentation method, experiments are conducted using
IS, given a weighted and undirected graph, the omory—Hu é'mputer simulation. Given a bus graph, the corresponding

gorlth_m can be applied to find a tree whosg linear arrangem S tree is constructed using the Gomory—Hu algorithm. The
cost is minimum and the entire process is guaranteed to

li El I ED I h itched-
finished in polynomial time. The algorithm is illustrated usin Eneralized Elmore de ay (GED) model [9] and the switched

h le in Fia. 2 wh iahted undirected h apacitance power model are then applied to estimate the
1€ example In Fig. = where a weignted undirected graph dgi.,, path delay and power consumption for the resulting
given. In the beginning of the algorithm, all nodes are cluster

in a super (single) node. We arbitrarily select two nodes e s structure. The bus system is assumed to be fabricated
LN i : .~~~ =g8ing an industrially available 0 technology with the
1 and 2, in Fig. 2 to be disconnected. Since the minimum g y il 9y

t which | des 1 and 2 li d 1 9 Y size equal 42004200,:m?. We further assume that seven
set which uncouples nodes 1 an €S on edges @, 2) ices are connected to a single bus and the length of each bus
(1, 6), the super node can be divided into two super nodes

ti hly estimated to 6pth. All R, C t
and (2—7) with weight 1.5 (Fig. 6). By repeatedly applying thgrgmen 's roughly estimated to 60 parameters

. . dre estimated based on the @u& technology and are then
above process, we can finally have the graph transformed N Rlied to the GED and power models. Both critical path delay
weighted tree (Fig. 7). It can be proven that the tree genera

has th L i i ¢ usi | power consumption can thus be derived. We emphasize
as the minimum finear arrangement cost using polynomig, 4, that, instead of extracting parameters from a realistic
computing time.

design implementation, the experiment is conducted using

C parameters estimated from a TSMC Ou® technology?
IV. TREE CLUSTERING We use a bus system whose corresponding graph is shown

In the previous section, we have derived the optimal soluti¢h Fig. 2, and the bus graph is then transformed into the bus

for the construction of bus segments if each segment is allowl&@€ given in Fig. 7 using the Gomory—Hu algorithm. It is
to have only one device attached. However, how is the pow@feresting to compare the power consumption and critical path
cost changed if more than one device is attached to a Iigjay for the original (single) and segmented bus systems.
segment? To answer this question, the bus segment architecffredescribed above, the power consumption is estimated by
must be investigated_ Suppose bus Segmé’mtand S, are the Welghted CapaCitance, while the critical path delay is
adjacent and separated by a pass transistor; furthermore, de@é@lyzed by the GED model. The, C' parameters used do
D; is connected taS;. Now, if S; and S, are attached into NOt encourage tree clustering, thus each bus segment connects
a single (but longer) bus segment, i.8; and D, share the only one device. The results are very encouraging, as shown
same bus segment, then the capacitance switched for com#iulable I. It can be found that both power consumption and
nications involvingD; or D, might be increased or decreasedttitical path delay have been dramatically improved.
For example, ifD; communicates wittD,, then the switched 2 6.,m Logic cMOS Process (0.6U-TW-14L-DS), TSMC, Hsin-Chu,
capacitance is reduced because of the elimination of the pas&an, R.O.C.
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