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G. Beanato [7] ﬁrst proposed an extension of circuitswitched Mesh-of-Tree (MoT) topology [1] into 3-D integration for multi-core clusters with 3-D stacked shared L1 scratchpad memory. E. Azarkhish [8] [9] presented two synthesizable
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For 3-D integrated circuits (ICs), many 3-D on-chip interconnects have been studied. Most 3-D on-chip interconnects employ packet-switching, which deliver packets among
homogeneous nodes through packet routers. Since the major
difference between 3-D and 2-D on-chip interconnects is the
presence of short vertical links, many researches have focused
mainly on optimizing the vertical communications, for example, designing a NoC-Bus hybrid interconnect [2] to reduce
vertical hop counts, designing more energy-efﬁcient routers
to increase energy-delay product (EDP) [3], and decomposing
router components into the third dimension to reduce wire
latency within the router [4]. However, despite the previous
efforts, packet-switched 3-D on-chip interconnects still suffers
from the inherent long network latency mainly due to the
hop-by-hop packet communications. On the contrary, some researchers proposed circuit-switched 3-D on-chip interconnects
that reduce the interconnect latency [5] [6].
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Parallel computing architectures have recently taken the
center stage in research and development from embedded
systems to workstations as they can provide high-performance
computing with good power-efﬁciency. The most visible examples in this trend are GP-GPUs such as NVIDIA Kepler,
HyperCore, STMicroelectronics Platform 2012, ADAPTEVA
Epiphany, KALRAY MPPA, CAVIUM OCTEON, Tilera
TILE-Gx, and Intel Xeon Phi. In such architectures consisting
of multiple cores with on-chip shared (cache) memory units,
it is crucial to implement a high-throughput and low-latency
on-chip interconnect to connect the on-chip components (i.e.,
cores and memory units) that are tightly coupled with each
other [1].
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Abstract—The use of multi-core clusters is a promising option
for data-intensive embedded applications such as multi-modal
sensor fusion, image understanding, mobile augmented reality. In
this paper, we propose a power-efﬁcient 3-D on-chip interconnect
for multi-core clusters with stacked L2 cache memory. A new
switch design makes a circuit-switched Mesh-of-Tree (MoT)
interconnect reconﬁgurable to support power-gating of processing
cores, memory blocks, and unnecessary interconnect resources
(routing switch, arbitration switch, inverters placed along the onchip wires). The proposed 3-D MoT improves the power efﬁciency
up to 77% in terms of energy-delay product (EDP).
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Fig. 1. 3-D multi-core cluster with MoT interconnect: (a) schematic view;
(b) geometric view.

3-D MoT interconnects for multi-core clusters with stacked
L1 scratchpad memory. From the results of physical implementation, the two interconnects were evaluated and compared
with 2-D MoT in terms of chip area and interconnect latency.
In [10], a circuit-switched 3-D MoT topology for stacked L2
scratchpad memory was proposed. Pipelining routing switches
was used in order to exploit the delay asymmetry (i.e., longer
horizontal delay than vertical delay) of 3-D ICs and, thus,
increase the interconnect performance.
In this paper, we propose a power-efﬁcient 3-D on-chip
interconnect that is suitable for a multi-core cluster consisting
of multiple cores and a shared multi-banked L2 cache memory
where the L2 cache memory is stacked onto the multi-core
die. The contributions of this paper are as follows. First,
we propose a new design of routing switch for the 3-D
MoT interconnect so that the interconnect is reconﬁgurable to
support power-gating of processing cores, memory units, and
interconnect circuits (e.g., inverters placed along the on-chip
wires). The reconﬁgurability of on-chip interconnect makes it
possible to adjust power states of the on-chip interconnect to
applications running on the system in a power-efﬁcient manner.
Second, we investigate several packet-switched 3-D on-chip
interconnects recently proposed in literatures and compare
them with the proposed circuit-switched 3-D MoT interconnect
in terms of performance. Performance result of each onchip interconnect is measured using multi-core system-level
simulator [11] with real parallel benchmark programs [12].
II.

C IRCUIT-S WITCHED 3-D M OT I NTERCONNECT

Figure 1 (a) shows a schematic view of a multi-core cluster
with 3-D stacked L2 cache using through-silicon vias (TSVs).
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Fig. 2. Circuit-switched 3-D MoT interconnect: (a) an example of 4×8
3-D MoT interconnect, where empty circles represent routing switches and
empty squares represent arbitration switches; (b) routing switch; (c) arbitration
switch.

The cluster consists of simple cores each with its own private
L1 instruction and data caches. The multi-banked stacked L2
cache consists of multiple SRAM banks. Each stacked SRAM
bank is connected with the 3-D MoT interconnect through a
TSV bus (i.e., a set of TSVs for address, data, and control
signals). In case of instruction miss, Miss bus handles line
reﬁlls in a round-robin manner towards the off-cluster DRAM.
Figure 1 (b) shows a geometry view of the 3-D multi-core
cluster. MoT interconnect is placed in the middle of the core
tier, which makes it easier that memory access latency from
each core is well balanced.
Figure 2 (a) shows a 3-D MoT interconnect consisting of
four cores and eight L2 cache banks stacked on the cores.
When a core accesses its target cache bank, a combinational path is created through two kinds of binary trees, i.e.,
routing tree and arbitration tree. The combinational path is
able to support low-latency and non-blocking communications
between cores and cache banks [1]. As shown in Figure 2
(b), routing switch consists of a MUX, a DEMUX, and a
combinational control logic which routes packets individually
based on the packet’s address ﬁeld. In order the packet to
arrive the target cache bank, it must be arbitrated among the
other simultaneous packets heading for the same cache bank
through the arbitration switch shown in Figure 2 (c). In the
control logic, a round-robin algorithm is implemented for a
starvation-free arbitration.
III. R ECONFIGURABLE 3-D M OT I NTERCONNECT FOR
P OWER M ANAGEMENT OF M ULTI -C ORE C LUSTER
Power management (i.e., power-gating) of cores, memory
units, and on-chip interconnect links can be supported by
modifying a circuit of routing switch of 3-D MoT interconnect.
Figure 3 shows the proposed modiﬁed routing switch that is
basically the same circuit structure as the original one except
for the additional multiplexor (i.e., gray one in Figure 3 (a)).
The new multiplexor with the corresponding control signals
(shown in Figure 3 (b)) makes packet routing reconﬁgurable
so that packets can traverse the interconnect network either in
the conventional way or a user-deﬁned way. In the conventional
way, packet direction (i.e., either port 0 or port 1) is determined
based on the packet destination address (i.e., the target L2
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Fig. 3. Modiﬁed routing switch and control scheme: (a) modiﬁed routing
switch; (b) packet routing based on the control signals.

cache bank index). In the user-deﬁned way, packet direction
is determined based on the two control signals (i.e., ctr 0 and
ctr 1), not related to the destination address.
Figure 4 shows an example of how to adapt the modiﬁed
routing switch for the use of power-gating in 3-D MoT
interconnect, where four cores and eight memory banks are
connected to each other. In Figure 4, half cache banks (M0,
M1, M6, and M7) and the corresponding interconnect circuits (i.e., routing switches, arbitration switches, and inverters
placed along the on-chip wires) are turned off. For that, the
routing switches at the second level of the routing tree run
on the user-deﬁned mode, whereas other routing switches run
on the conventional mode. This architecture does not need to
modify the conventional cache architecture and packet routing
scheme, because the cache data that is supposed to be stored
at the power-gated cache banks will evenly be distributed the
rest of cache banks based on the packet destination address
(i.e., cache bank index). For example, in Figure 4, the cache
data for M0 (bank index of 000) and M1 (bank index of 001)
will be stored at M2 (bank index of 010) and M3 (bank index
of 011), respectively, because the routing switches in the userdeﬁned mode at the second level of routing tree make the
second digit of cache bank index ignored for packet routing.
For the same reason, the cache data for M6 (bank index of
110) and M7 (bank index of 111) will be stored at M4 (bank
index of 100) and M5 (bank index of 101), respectively. If
cache banks are turned off at runtime, dirty cache blocks in
the power-off banks must be written back to the off-cluster
memory for data coherency. After turning on the cache banks
again, the old cache data that does not belong to cache banks
any more will be removed by the cache replacement policy.
The reconﬁgurable 3-D MoT interconnect supports different interconnect delays because of the inherent asymmetry of
3-D integration in the wire lengths. Figure 5 shows an example
of wire lengths comparison between the two power states, i.e.,
1) where all cores and cache banks run, and 2) where four
cores and eight cache banks are run and the rest are turned
off. A wide disparity of wire lengths between the two power
states makes a difference of several clock cycles in cache
access latency. As 3-D integration makes it possible to stack
DRAM main memory and, thus, reduces the access latency of
the main memory, the miss penalty of last-level cache might be
decreased. Then, the reduction in the L2 cache access latency,
in conjunction with power-gating some cache resources, gives
more effects on the power efﬁciency.
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Fig. 4. Example of the use of power-gating in a 3-D MoT interconnect where
four cores and eight memory banks are connected each other. Most routing
switches (i.e., the white circles) route packets in the conventional way, while
the routing switches at the second level of the routing tree (i.e., the gray
circles) route packets in the user-deﬁned mode.
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1GHz, 4 - 16 cores, in-order execution
Private, 4KB capacity (per-core), 32B line, 4-way associative,
LRU replacement, 1 cycle latency
Shared, 32B line, 8-way associativity, 64KB capacity (per bank),
- Full connection: 32 banks, 12 cycle latency
- PC16-MB8: 8 banks, 9 cycle latency
- PC4-MB32: 32 banks, 9 cycle latency
- PC4-MB8: 8 banks, 7 cycle latency
One controller, 2Gb capacity, 4KB page size, Latency;
- 200ns (off-chip 2-D DRAM) [18]
- 63ns (on-chip 3-D DRAM from JEDEC) [17]
- 42ns (on-chip 3-D DRAM from Weis work) [16]
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Fig. 6. Performance comparisons of four 3-D on-chip interconnects, i.e.,
True 3-D Mesh, 3-D Hybrid Bus-Mesh, 3-D Hybrid Bus-Tree, and 3-D MoT:
(a) L2 cache access latency in terms of clock cycle; (b) application execution
time where DRAM access latency is 200ns.

x ( ~ 5 mm)

Fig. 5. Example of wire lengths comparison between two power-states, i.e.,
1) where all cores and cache banks run, and 2) where four cores and eight
cache banks are run and the rest are turned off.

IV.

E XPERIMENTAL R ESULT

We performed experiments using a 3-D multi-core cluster
with a multi-banked shared L2 cache memory stacked on top
of the multi-core die, as shown in Figure 1. Sixteen processing
cores are integrated in the multi-core cluster and each core is
considered to be ARM Cortex-A5 with 16KB/16KB instruction and data caches. The core clock frequency is assumed to
be 1GHz. The stacked L2 cache consists of 32 SRAM banks
of two tiers. Each bank has a capacity of 64KB. The size of
a cache bank and the propagation delay from bank I/Os to
memory core cells within a SRAM cache bank are estimated
from CACTI [13]. For TSV bonding, Micro-bumps bonding
with a minimum pitch of 40 μm by 50 μm is used [14]. In
order to estimate the latency of 3-D MoT interconnect, the
delay for the longest possible link between cores and cache
banks is estimated by using Elmore distributed RC delay model
[15]. To estimate power consumption of core, L2 cache, and
interconnect, we used power models in [19], [13], and [20],
respectively. For the performance evaluation of real applications, we employed Graphite [11]. Table I shows the details of
conﬁguration. For simulation benchmarks, SPLASH-2 benchmark suite [12] was used. For the performance comparisons
among the popular packet-switched 3-D on-chip interconnects,
which have been studied earlier in interatures, and our MoT
interconnect, we chose the three packet-switched 3-D on-chip
interconnects, i.e., True 3-D Mesh, 3-D Hybrid Bus-Mesh [2],
and, 3-D Hybrid Bus-Tree [21].
Figure 6 shows the experimental results of L2 cache
access latency and execution time of real benchmarks for each

interconnect. 3-D Hybrid Bus-Mesh shows better performance
(i.e., lower L2 cache access latency) than True 3-D Mesh,
which proves that the use of a bus structure for vertical
communications may reduce the L2 cache access latency by
exploiting the short vertical links, in conjunction with the
reduction in the number of hop accesses. 3-D Hybrid Bus-Tree
shows the worst performance among the other interconnects.
Even though 3-D Hybrid Bus-Tree reduces the number of hop
accesses even more than 3-D Hybrid Bus-Mesh, the increased
vertical bus accesses in 3-D Hybrid Bus-Tree may offset the
beneﬁt from hop access reduction or make the performance
even worse. 3-D MoT reduces the execution time by 13.01%,
11.16%, and, 13.34%, on average, compared with 3-D Mesh,
3-D Hybrid Bus-Mesh, and 3-D Hybrid Bus-Tree, respectively.
Figure 7 (a) and (b) show the experimental results of energy
delay product (EDP) and application’s execution time with
respect to the power states, respectively, where DRAM access
latency is 200ns. In Figure 7 (a), in cases of cholesky, fft,
volrend, and raytrace, PC4-MB32 reduces EDP up to 66%
(by 44% on average) compared with Full connection. As
shown in Figure 7 (b), cholesky, fft, volrend, and raytrace
show the reduction in the execution time up to 33% (by 19%
on average) as the number of cores increases from 4 to 16,
while fmm, radix, ocean contiguous, and water-nsquared show
the reduction in the execution time up to 69% (by 64% on
average). Thus, for the applications that have limited scalability
for the parallelism, power efﬁciency will be achieved by
assigning smaller number of cores to the applications. When
compared with Full connection, PC16-MB8 reduces EDP up
to 18% (by 13% on average) in cases of fft, fmm, volrend,
raytrace, and water-nsquared owing to the reduction in the
number of L2 cache banks (and the corresponding decrease
in the interconnect power and L2 cache access latency). As
shown in Figure 7 (b), when compared with Full connection,

2016 Design, Automation & Test in Europe Conference & Exhibition (DATE)

1467

   
 

'!&

 
',".
*")(
*".

,!&
+!&
*!&
)!&
(!&

(a)

(b)

Fig. 7. Power efﬁciency of the four power states of target architecture, i.e.,
Full connection, PC16-MB8, PC4-MB32, and PC4-MB8; (a) energy delay
product (EDP) and (b) application execution time where DRAM access latency
is 200ns.

Fig. 8. Power efﬁciency of the four power states of target architecture, i.e.,
Full connection, PC16-MB8, PC4-MB32, and PC4-MB8; (a) energy delay
product (EDP) where DRAM access latency is 63ns; (b) EDP where DRAM
access latency is 42ns.

PC16-MB8 increases the execution time up to 8.6% (4.7% on
average) for fft, fmm, volrend, raytrace, and water-nsquared,
while PC16-MB8 increases the execution time up to 31%
(24% on average) for the other programs (i.e., cholesky, radix,
and ocean contiguous). PC4-MB8 reduces EPD up to 77%
(52% on average) for cholesky, fft, volrend, and raytrace
owing to the reduction in both the number of cores and the
number of L2 cache banks, compared with Full connection.
All these experimental results show that the reconﬁgurable
3-D MoT interconnect capable of power-gating technique is
necessary to exploit various programs characteristics such
as parallelism scalability and L2 cache demand. Figure 8
shows power efﬁciency of the four power states where the
DRAM access latency is 63ns and 42ns, respectively, which
proves that power efﬁciency resulting from power-gating of
cache banks increases as the DRAM access latency decreases.
Compared with PC16-MB8 when DRAM access latency is
200ns, PC16-MB8 reduces EDP for more benchmark programs
when DRAM access latency is 63ns and 42ns.
V.

C ONCLUSION

We presented a power-efﬁcient 3-D on-chip interconnect
for multi-core clusters with stacked L2 cache memory. The
new design of routing switch for 3-D MoT interconnects
can make the interconnects reconﬁgurable to support powergating of processing cores, cache memory banks, and the
corresponding interconnect links. This reconﬁgurability makes
it possible to adjust power states of the interconnects to
application’s characteristics such as scalability for parallelism
and L2 cache demand. The experimental results showed that
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proper power state on the 3-D MoT interconnect reduces
energy-delay product (EDP) up to 77% (by 48% on average).
In this paper, we also investigated several packet-switched 3-D
on-chip interconnects and compared them with the 3-D MoT
interconnect. The low latency of 3-D MoT interconnect is
suitable for an on-chip interconnect within a multi-core cluster
where multiple cores and the heavily shared multi-banked L2
cache communicates each other with ultra-low latency.
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