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Abstract

As interconnection networks proliferate to many new
applications, a low-latency high-throughput fabric is no
longer sufficient. Applications are becoming power-
constrained. In this paper, we propose an architectural-
level power model for interconnection network routers that
will allow researchers and designers to easily factor in
power when exploring architectural trade-offs. We applied
our model to two commercial routers – the integrated Alpha
21364 router and the IBM 8-port 12X InfiniBand router, and
show that the different micro-architectures lead to vastly
different power consumption and distribution estimates.

1 Introduction

Interconnection networks, historically used to connect
processors and memories in large multiprocessors, are be-
coming prevalent in many new applications. They have
been deployed to connect clusters of workstations [2], line
cards of terabit Internet routers [4], server blades [10], and
proposed as the fabric for on-chip networks [5, 14]. In many
of these applications, a low-latency high-throughput fabric
is no longer sufficient. Designers have to work within a
tight power budget, and need to make architectural-level de-
cisions considering power, in addition to performance.

Now, routers and links of an interconnection network are
already taking up a significant portion of the overall system
power. The integrated router and links of the Alpha 21364
microprocessor [11] consume about 20% of the total sys-
tem power (25W out of total chip power of 125W), while
the interconnection network circuitry on a router linecard
takes up about 33% of the power consumed by the entire
linecard [4]. Designers of an InfiniBand-enabled server
blade allocated roughly the same power budget to the router
and the microprocessor [10]. With the increasing demand
for network bandwidth, power consumed by an intercon-
nection network will be even more substantial.

While the power consumption of processing and mem-
ory elements are pretty well understood [3, 20], that of net-
work elements have been largely neglected. This motivated
us to develop an architectural-level power model for inter-
connection network routers, so researchers and designers
can factor power estimates in easily when exploring dif-
ferent architectural trade-offs. This power model is part
of our effort in providing a complete platform where de-
signers and researchers can ”pick, plug and play” different
components to form myriad network architectures, both for
chip-to-chip and on-chip networks. With our tool, users can
run diverse communication workloads on different network
architectures, and explore network power and performance
rapidly in a single simulation environment.

In this paper, we propose a detailed router power model
that is instantiated with architectural parameters. Section 2
first discusses the related work in power modeling of net-
works. Section 3 then explains our power model in de-
tail. In Section 4, we apply our model to two commercial
interconnection network routers that have distinct micro-
architectures, the integrated Alpha 21364 router [11] and
IBM 8-port 12X InfiniBand router [7] and show the vastly
different power consumption characteristics. Section 5 con-
cludes the paper, outlining our future directions.

2 Related work

Architectural-level power estimation is suitable for de-
sign space exploration because it is much faster than low-
level power estimation tools such as PowerMill [16], while
still giving reasonable accuracy. Several architectural-
level power models have been proposed for microproces-
sors [3, 20], enabling a rich body of work on architectural-
level power optimization. In interconnection networks,
however, power models are scarce.

Patel et al. first proposed a power model for interconnec-
tion networks [12]. However, the model is not sufficiently
detailed, with power estimates derived based on transis-
tor count. In addition, the model is not instantiated with



architectural-level parameters, and thus cannot be used to
explore trade-offs in router micro-architecture design.

Power models and simulators are available for other
types of communication fabrics – there have been models
proposed for other switch fabrics of Internet routers [17,
19], crossbars [6], buses [22] and on-chip bufferless switch-
box networks [21]. The components of some of these fab-
rics are also present in interconnection networks (e.g. cross-
bars), and we leverage these prior components’ power mod-
els in our modeling of interconnection network routers.

Power-efficient interconnection networks is an emerg-
ing field. Prior research on power optimization of inter-
connection networks had to characterize router power us-
ing gate-level power estimation applied to detailed Verilog
code [15]. It is our motivation that an architectural-level
router power model will play a part in enabling research in
power-efficient interconnection networks.

3 Power model

Many routers can be constructed from the basic build-
ing blocks of memory arrays, crossbars and arbiters. These
components take up about 90% of the Alpha 21364 router
area [1]. We thus develop router power models by deriv-
ing parameterized energy equations of these building blocks
and tying them together.

Dynamic power is the primary source of power con-
sumed in CMOS routers, which is formulated as ��������	��


, and energy
� �
�������� ���� , with

���	��

the clock fre-

quency, � the switching activity, � the switch capacitance,
and � ��� the supply voltage. Power modeling consists of
estimating switch capacitance � and switching activity � .

3.1 Estimating capacitance

Table 1 lists the capacitance notations we use throughout
our modeling.

Table 1. Capacitance notations��������� gate capacitance of transistor/gate �
� � ����� diffusion capacitance of transistor/gate �
� �!����� �"�!�����$#%� � �����
�"&'�)("� capacitance of metal wire of length (
�"*,+ � +�- input node cap. of a crossbar connector
� .0/ - � +1- output node cap. of a crossbar connector
� � -32 � +1- control node cap. of a crossbar connector
�"454 switch capacitance of a flip flop
� 456 clock capacitance of a flip flop

FIFO buffers. Buffers are typically implemented as
SRAM arrays. Several architectural-level SRAM array
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Figure 1. A FIFO buffer with 1 read port and 1 write
port.

power models have been proposed [8, 23]. We adapt these
models with some changes specific to router microarchitec-
ture. For instance, a buffer with a dedicated port to the
switch does not require tri-state output drivers. Figure 1
sketches the structure of a FIFO buffer, and Table 2 lists the
model parameters and equations.

Table 2. Model of FIFO buffers
Architectural parameters7

buffer size in flits 89
flit size in bits

� 2 number of buffer read ports
� & number of buffer write ports

Technological parameters: �<;=�>�
memory cell height? �<;=�>� memory cell width@ & wire spacing

Model equations
wordline length ( & � � 9 � ? �<;<�>� #�AB� � 2C# � & � @ & �
bitline length ( D � � 7 � : �<;=�>� #E� � 2 # � &F� @ &G�
wordline cap. � & � � A 9 ���!�3�IH��$#J�'����� & � �$#

� & ��( & � �<K
read bitline cap. �LD 2 � 7 � � ��� H �%#M� � �3� � �%#

� &'��( D � �
write bitline cap. � D	& � 7 � � ���BHC�N#O� �!��� D � �P#

� & ��( D � �
precharge cap. � �<Q � � � � �3� � �
memory cell cap. � �<;=�>� � AB� � 2R# � & �0� � ���IH��S#

A�� �!���UTV�
sense amp energy

� ��T�H from empirical model [23]

( W ) A flit is short for flow control unit, and is the smallest unit of buffer and
channel allocation.
(X ) Y1Z is the pass transistor connecting bitlines and memory cells, Y�[!\ is
the wordline driver, Y^]3\ is the write bitline driver, Y�_ is the read bitline
precharge transistor, Y^` is the memory cell inverter.

Crossbar switch. We consider two common cross-
bar implementations – multiplexer tree crossbar and matrix
crossbar. In this paper, we explain just the matrix crossbar
model. Figure 2 sketches the design.
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Figure 2. A matrix crossbar with � input ports and�
output ports. The small square box represents

a connector, which can be either a tri-state buffer
or a transmission gate.

In a matrix crossbar, input signals of a port propagate to
the input nodes of the connectors in one row, the open/close
states of those connectors determine which output lines get
the input values. There are three components which may
switch during data transfer: input lines, output lines, and
connector control lines. Table 3 lists our model equations
and parameters.

Table 3. Model of matrix crossbar
Architectural parameters

� number of crossbar input ports�
number of crossbar output ports�
port width in bits

Technological parameters: - track height? - track width

Model equations
input line length ("*,+ � ��� � � ? -
output line length ( .0/ - ��� � � � : -
input line cap. ��� D *,+ � � � *�+ � +1-U#%�'���3�U* � �5#

� & �)(�*,+ � 8
output line cap. ��� D .0/ - ��� � .0/ - � +1-^# � �!��� . � � #� & �)(".0/ - �
control line cap. ��� D � -32 � � � � -32 � +1-�# � & �	��

��J�<K

( W ) Y��>\ is the input driver, Y�� \ is the output driver.
( X ) We use average length and assume control lines are along the same
direction as input lines.

Arbiters. We model three kinds of arbiters: matrix ar-
biter, round-robin arbiter and queuing arbiter. In this paper,
we explain just the matrix arbiter model.

A description of matrix arbiter can be found in [13]. For
an arbiter with � requesters, its priorities can be represented
by an ����� matrix storing if a requester has higher prior-
ity than another. Only

���
��� � �� matrix elements need to be

m1n

mnk

T I

T N1

T N2
req

req

req

1

k

gnt

n

n

Figure 3. Grant generation logic

stored in flip flops. Let ����� * be the �! : request, "$#% + be
the #% : grant, & *(' be the �! : row, )� : column element in
the matrix, Equation (1) gives "$#% + , and Figure 3 shows its
combinational logic.

"*#% + �+����� + �*,*.- + � ����� *I# & *�+B�
�*,
*0/ + � ����� * # & +�*	� (1)

From Equation (1) and Figure 3, we can derive the ca-
pacitance equations of request signals, grant signals, prior-
ity signals, internal nodes between the two levels of NOR
gates, and the clock signal driving all priority flip flops, as
shown in Table 4.

Table 4. Model of matrix arbiter
Architectural parameters

� number of requesters

Model equations
request cap. � 2 ;21 � � � ���43 �$#E� �+576 � � � �3�%8 � �U#� � �3�%8 � � 8
grant cap. �"��+1- � � � �3� 8 � �
priority cap. � H 20* � � 4$4 #%AC� � �3�%8 � �
internal cap. � *,+1- � � � �3� 8 � � # �"���3� 8 � �
clock cap. � �	��
 � � 4$6

( W ) Y*9;: is the first level NOR gate, Y$9=< is the second level NOR gate, Y*>
is the inverter.

Capacitance equations are used to compute energy con-
sumption per switch of any component. For example,� & � � � & � � ���� . We omit �� here because we count rising
and falling as one switch for wordlines. In the following
sections, we will use

� � notations without explanation.

3.2 Estimating maximum power

Maximum power � T'�?� is the power consumed with
maximum achievable switching activity at a certain net-
work load. To simplify the illustration, we assume a simple
wormhole router as shown in Figure 4. It has 5 input/output
ports, with each input port having buffer space for 4 32-bit
flits (

7 �A@CB 9 �ED A B0� 2 ��6FB � & �G6 ); a 5 � 5 crossbar of
32-bit width ( �N�IH�B � �JHKB � �ID A ); and a 4:1 arbiter at
each output port assuming flits do not u-turn ( � �+@ ).
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Figure 4. A wormhole router

Let
� D	/���� ; 2 , � � 2 .���� D ��2 , � ��2 D *�- ; 2 be the energy con-

sumed by each input buffer, crossbar and arbiter in one cy-
cle under � T'�?� .

� TL� � � � �	��
 � H � D	/���� ; 2 # � � 2 .�� � D ��2 # H � ��2 D *�- ; 2 �
We assume network traffic is uniformly distributed

across all router ports and define flit arriving rate � � as the
probability that each input port receives a flit in every cycle.
We also assume input traffic equals output traffic, so in one
cycle, � � flits are written into each input buffer and � � flits
are read out from each input buffer. Maximum switching
activity is achieved when all 32 bitlines and memory cells
switch during read/write.

� D	/��!� ; 2 � � �B� � & 20*�- ; # � 2 ; � � �� & 2 * - ; � � & � # D A � � D	& # � �<;=�>� �� 2 ; � � � � & � # D A � � D 2 # A � �<Q � # � ��T�H �
HC� � flits are sent to the crossbar, assuming the router

uses deterministic routing, maximum switching activity is
achieved when all H�� � flits go to different ports, i.e. there is
no contention, and for each port, all 32 lines switch.

� � 2 .���� D ��2 � HC� � � D AB� � � D *�+ # � � D .0/ - �
The arbiter energy consists of that consumed due to the

arbitration action, and that consumed by the clocking of flip
flops. Let ( be the average packet length in flits, because
arbitration is only done for header flits and there is no con-
tention, each arbiter receives one request in every �"$# cycles.
Maximum switching activity is achieved when all relevant
priorities and all internal nodes switch, which is a loose up-
per bound. Clocking energy is summed over all flip flops
and is a constant.

� ��2 D *�- ; 2 � "$#
�
� ��2 D * -32 � -3* . + # � �	� . �<
� ��2 D *�-32 ��-3* . + � � @ 5 6 � � H 2 * # @ � @ 5 6 � � *�+�- #� 2 ;21 # � � ��+1- # � � D � -32 �� �	� . �<
 � �� � @ � @ 5 6 � � �	��


We add
� � D � -32 to

� ��+1- because grant signals load crossbar
control signals.

Since our power model is activity sensitive, it is also ca-
pable of computing average power, or more realistic power
estimation based on real data trace. We have plugged our

power models into a dynamic power simulator for networks,
providing a platform for exploring the impact of different
microarchitectures and workloads on network power and
performance.

4 Case studies

We estimate the average-case and worst-cast power
of two commercial routers: the integrated Alpha 21364
router [11] and the IBM InfiniBand 8-port 12X router [7],
and compare our results against power estimates provided
by their designers. In our experiments, we compute average
and maximum power at various � � . Worst-case power is
maximum power when � � =1.

4.1 Router architectures

The two routers both have buffering at input ports. The
Alpha 21364 router uses local and global arbiters, with lo-
cal arbiters selecting a flit from multiple virtual channels at
each input port, before forwarding requests to the global
arbiters. As the Alpha 21364 router uses LRS (least re-
cently served) policy, we assume matrix arbiters. We have
no information on IBM InfiniBand router’s arbitration, so
we assume the same scheme as Alpha 21364. Later, we see
this assumption does not affect overall estimation as arbiters
consume a small fraction of total power. Table 5 lists their
architectural and process parameters.

Table 5. Parameters of Alpha 21364 router and IBM
InfiniBand router

Alpha 21364 IBM InfiniBand

feature size 0.18 % m 0.11 % m
voltage 1.65V 1.2V
frequency 1.2GHz 250MHz

input ports 8 8
output ports 7 8
input buffer

7
=319/250/127/190 89
=32, � 2 =2, � & =1

7
=256,

9
=128,

� 2 =1, � & =1
crossbar � =8,

�
=5,

�
=32 N/A

central buffer N/A
7

=2560,
9

=512,
� 2 =2, � & =2

local arbiter � =19 � =4
global arbiter � =7 � =7

( W ) different buffer size of inter-processor ports, cache ports, memory con-
troller ports and I/O ports, respectively.

Technological parameters such as
: �<;=�>�

,
@ & and transistor



sizes are measured from floorplan, if available, scaled from
Wattch [3], or computed using Cacti [18].

The key difference between the two routers lies in their
switch fabric architecture. The Alpha 21364 router has two
8 � 5 crossbars as its switch fabric, instead of one 8 � 7 cross-
bar. Each crossbar covers a subset of output ports and two
read ports of the input buffers connect to distinct crossbars.

On the other hand, the IBM InfiniBand router uses a cen-
tral buffer rather than a crossbar as the switch fabric. It
is implemented as a pipelined shared memory [9] with 4
banks, each 1 flit wide, and total buffer size is 160K bytes.
As our buffer model is sufficiently generic, it can be slightly
augmented to model pipelined shared memory.

Although a pipelined shared memory is more sophisti-
cated than a traditional SRAM array, in terms of total en-
ergy, a port consecutively reading/writing 4 banks is equiva-
lent to it simultaneously reading/writing all 4 banks. This is
equivalent to a read/write to an unbanked SRAM array with
the same size and organization, plus some extra energy con-
sumed by the additional components of a pipelined shared
memory. Those additional components include the pipeline
registers between memory banks and the input/output cross-
bars to/from the shared memory. We already have crossbar
models and flip flop models, so we incorporate these in our
modeling of a pipelined shared memory. This approxima-
tion is not valid for cycle-by-cycle power simulation, but it
is appropriate for maximum power estimation.

4.2 Results and analysis

We applied our model for estimating the average and
maximum power consumed by the two routers. Maximum
power is estimated by deriving maximum possible switch-
ing activity factors given a flit arrival rate, while average
power assumes 50% switching probability. Figure 5 shows
maximum and average power estimated by our model for
both routers, along with a breakdown of the maximum
power consumed by the various router components, at vary-
ing flit arrival rate � � . Our results provide several insights
into router power consumption.

Which component dominates? For the IBM InfiniBand
router, switch fabric (central buffer) power is dominant,
which is more than 90% of total power (see Figure 5(e)).
For the Alpha 21364 router, input buffers contribute 46-
61% of total power, switch fabric (crossbar) consumes less
(26-35%), but still significant power (Figure 5(f)). In both
cases, the largest memory is also the largest power con-
sumer. This rule has been shown true for most general-
purpose microprocessors. Our results confirm that it holds
true too for interconnection network routers.

Which component is not important? Arbiter power is
negligible for the IBM InfiniBand router. It is not as negli-
gible for Alpha 21364 router, and even shows some signifi-

cance at low � � . This difference is caused by the different
router microarchitectures.

� ��2 D *�- ; 2 increases quadratically
with � , as the Alpha 21364 router’s local arbiter has � =19,
its arbiter power is comparable with crossbar power at low
� � (28% of total power). We also test other types of arbiters
and draw the same conclusion.

Sensitivity to network load. For both routers, buffer
power and crossbar power are approximately linear to � � ,
which is intuitive, because both buffers and crossbars are
data path components, and data path power is approxi-
mately linear to the amount of data passing by. For the
IBM InfiniBand router, the power breakdown is insensitive
to � � , since both input buffers and switch fabric are SRAM
arrays, and are similarly sensitive to � � . As expected, the
Alpha 21364 router does not have this characteristic.

Comparison with designers’ estimates. We obtained
preliminary power estimates from the designers of these
two routers. The Alpha 21364 designers estimate the Alpha
router core to consume a maximum of 7.6W1. The power
number is estimated by applying average power density of
previous-generation chips to the chip area occupied by the
router, along with a certain share of the global power. The
designers estimate this to be within 10% of actual maxi-
mum power. As for the IBM InfiniBand 8-port 12X switch,
the designers based their power estimates on circuit-level
capacitance estimates, together with estimates of average
activity factors based on previous-generation routers. They
estimate the router core dissipating 11W with links consum-
ing 20W. These are average power estimates.

Our estimated worst-case power of the Alpha 21364
router (100% flit arrival in Figure 5(c)) is 5.36W. This is
within ballpark of the designers’ estimate. As for the IBM
InfiniBand switch, the 11W average power estimate from
the designers corresponds to our average power estimate at
60% flit arrival rate (see Figure 5(b)). These comparisons
are clearly not rigorous. We hope to be able to validate
our model in detail with industry data and low-level power
estimation tools, and are currently in the process of collab-
orating with router designers towards this goal.

What’s missing? Several components of the router core
are not yet modeled, such as routing logic, routing table,
and the InfiniBand interface to microprocessors. We also
ignore link power in this work since we are only model-
ing routers. Link power is especially significant in chip-
to-chip networks (consuming about 60% of total network
(router and link) power in both the InfiniBand and Alpha
routers)2. We will be developing parameterized power mod-

1Alpha 21364 designers estimate the integrated router and links to dis-
sipate 25W out of the total chip power of 125W, with the router core con-
suming 7.6W, link circuitry (drivers, pad logic) consuming 13.3W, clocks
taking up 2W and miscellaneous circuitry the remaining.

2In on-chip networks, we found routers to be the predominant power
consumer (85% on average) in our experiments instead of links. The dif-
ference is largely because most chip-to-chip links incur approximately the
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Figure 5. Router power estimation results

els for links as well in the future. Another avenue of future
research is the estimation of static power in addition to dy-
namic power.

same amount of power regardless of actual link utilization, while on-chip
wire power is highly traffic-sensitive.

5 Conclusions and future work

We present our architectural-level power model for inter-
connection network routers, which can be used to model a
large range of router microarchitectures. We use our model
to estimate the average and maximum power of two on-chip



routers: the integrated Alpha 21364 router and IBM Infini-
Band 8-port 12X switch. Preliminary results match power
estimates given by router designers in the magnitude level.
Our experiments show that buffers are the largest power hog
in routers; crossbar switch, if present, consumes less but
significant power; and power consumed by arbiters is neg-
ligible under high network load. Our results also show that
router microarchitecture has a huge impact on the power
distribution of a router.

In the future, we will validate our models rigorously and
plug them into a dynamic network simulator to build a re-
targetable and flexible network simulation environment that
will enable network architects to perform power and perfor-
mance trade-offs in a single framework. We will also ex-
tend our power model to support links and additional router
components as well as static power.
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