
50 IEEE EMBEDDED SYSTEMS LETTERS, VOL. 1, NO. 2, AUGUST 2009

A Layer-Multiplexed 3D On-Chip Network
Architecture

Rohit Sunkam Ramanujam and Bill Lin

Abstract—Programmable many-core processors are poised to
become a major design option for many embedded applications.
In the design of power-efficient embedded many-core processors,
the architecture of the on-chip network plays a central role. Many
designs have relied on a 2D mesh architecture as the underlying
communication fabric. With the emergence of 3D technology,
new on-chip network architectures are possible. In this paper, we
propose a novel layer-multiplexed (LM) 3D network architecture
that takes advantage of the short interlayer wiring delays enabled
in 3D technology. In particular, the LM architecture replaces
the one-layer-per-hop routing in a conventional 3D mesh with
simpler vertical demultiplexing and multiplexing structures.
When combined with a layer load-balanced oblivious routing
algorithm, it can achieve the same worst-case throughput as the
best known oblivious routing algorithm on a conventional 3D
mesh. However, in comparison to a conventional 3D mesh, the
LM architecture consumes 27% less power, attains 14.5% higher
average throughput, and achieves 33% lower worst-case hop
count on a � � � topology.

Index Terms—3D, 3D mesh, oblivious routing, integrated cir-
cuits (ICs).

I. INTRODUCTION

R ECENT advances in power-efficient many-core pro-
cessor architectures [2]–[5] have made it possible to

achieve a huge amount of processing performance per watt
without the long and expensive development cycles of custom
application-specified integrated circuit (ASIC) designs. Thus,
they have become poised for significant adoption in many
embedded applications where performance and power-effi-
ciency are both important. With the emergence of viable 3D
integration technology [6], [7], opportunities exist for chip
architecture innovations. Indeed, 3D integration has attracted
significant attention in recent years because of its potential
benefits, including smaller chip footprints, higher transistor
density, shorter wiring delays, and significantly higher com-
munication bandwidth. One direction is to extend existing
2D tile-based many-core processor architectures [1]–[5] into
three dimensions [8], [14]. Many proposed 2D tile-based pro-
cessor architectures have relied on a 2D mesh topology as the
underlying network fabric. Therefore, extending mesh-based
tiled architectures into three dimensions represents a natural
progression.
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Fig. 1. Examples of RPM routing. (a) Z-XY-Z path; (b) Z-YX-Z path.

As with 2D mesh networks, throughput and latency are im-
portant performance metrics in the design of routing algorithms
for 3D meshes. In many-core processors, the embedded appli-
cations that will be running on the processors are not known
at design time. Therefore, it is important to ensure high worst-
case throughput to maximize the communication performance
that can be achieved in the worst-case. Recently, a near-optimal
oblivious routing algorithm for conventional 3D mesh networks
called randomized partially minimal (RPM) routing was pro-
posed [9]. Fig. 1 depicts how RPM works. Suppose Z is the
vertical dimension and X and Y are the two horizontal dimen-
sions. RPM first routes in the Z dimension to a randomly chosen
intermediate XY plane. It then routes flits on each XY plane
using either minimal XY or YX routing with equal probability.
Finally, it routes flits to their final destinations along the Z di-
mension. Essentially, RPM works by load-balancing traffic uni-
formly across vertical layers and routing minimally on each hor-
izontal layer, using either a Z-XY-Z or Z-YX-Z path. The main
result shown in [9] is that RPM achieves optimal worst-case
throughput when the network radix is even and within a factor
of of optimal when is odd.

For a symmetric 3D mesh, RPM achieves a factor of 1.33
of dimension-ordered routing (DOR) [10] in average hop count.
However, it is well known that DOR suffers from poor worst-
case and average-case throughput due to a lack of path diver-
sity. The best previously known oblivious routing algorithm
that achieves optimal worst-case throughput for 3D meshes is
Valiant (VAL) routing [11], which globally load-balances across
all dimensions to achieve optimal worst-case throughput, but at
the expense of destroying locality. VAL is a factor of 2 of
DOR in average hop count. Although O1TURN [12] has been
shown to achieve both near-optimal worst-case throughput and
minimal hop count for 2D meshes, its performance surprisingly
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Fig. 2. Normalized 3D worst-case throughput.

degrades tremendously for the 3D case, as noted in [12]. ROMM
[13] provides another alternative minimal routing algorithm, but
it too suffers from poor worst-case throughput. Fig. 2 shows the
worst-case throughput of RPM in comparison to VAL, DOR,
ROMM, and O1TURN. The worst-case throughput of DOR,
ROMM and O1TURN degrade tremendously with increasing
radix. At , the worst-case throughput of RPM is 14
times higher than DOR and 5.26 times higher than ROMM and
O1TURN.

In this paper, we present a novel layer-multiplexed (LM) ar-
chitecture for 3D interconnection networks that exploits the op-
timality of RPM together with the short interlayer wiring de-
lays enabled in 3D technology. In contrast to a conventional
3D mesh, the LM architecture replaces the one-layer-per-hop
routing in the vertical dimension with simpler vertical demul-
tiplexing and multiplexing structures. In doing so, the LM ar-
chitecture retains the same worst-case throughput as a conven-
tional 3D mesh by adapting RPM routing to the LM architec-
ture. However, in comparison to a 3D mesh, the LM architec-
ture consumes 27% less power, attains 14.5% higher average
throughput, and achieves 33% lower worst-case hop count on a

topology.

II. RELATED WORK

Li et al. [14] proposed a NOC-Bus-hybrid architecture,
which uses a shared bus for interlayer communication. How-
ever, under adversarial traffic conditions, e.g., when the source
and destinations are on different layers, the shared bus be-
comes the throughput bottleneck. Kim et al. [15] proposed a
true 3D crossbar design called DimDe. As noted in [15], its
design can only support routing using DOR, which is known to
suffer from poor worst-case throughput. Matsutani et al. [16]
proposed an architecture called XNOTs, which is also based
on the idea of vertical switching. However, it requires large

vertical switches, which are costly since crossbar
power grows quadratically with the number of ports. Park et al.
[17] proposed MIRA, which is based on implementing a 2D
mesh chip-multiprocessor in three dimensions. It assumes the
processor cores are designed in 3D, which makes it difficult to
reuse existing highly optimized 2D processor core designs.

Fig. 3. Injection and ejection stages.

III. LAYER-MULTIPLEXED 3D ARCHITECTURE

A 3D mesh is a natural extension to the 2D mesh architecture.
Two extra ports are needed at each router in the 3D case to sup-
port up/down communication, resulting in a 7 7 crossbar, as
compared to a 5 5 crossbar in the 2D case. However, since
the crossbar power increases quadratically with the number of
ports, the power consumption of 3D routers is much higher
than the 2D case. Also, in a 3D mesh, packets are routed in a
one-layer-per-hop manner along the vertical dimension. When
RPM routing is used, which involves two phases of vertical
routing, a packet may need to traverse layers (and hence
router hops) in the worst-case, resulting in long latencies. This
poor worst-case performance does not leverage the short inter-
layer distances in 3D designs. This motivated us to propose a
new LM 3D on-chip network architecture that exploits the opti-
mality of RPM together with the short interlayer wiring delays
and the abundance of vertical wiring in 3D designs. The LM ar-
chitecture has a lower power cost and higher performance com-
pared to a 3D mesh.

A. Architecture

In the LM architecture, the one-layer-per-hop communica-
tion in a 3D mesh is replaced with simpler demultiplexing and
multiplexing stages. This is shown in Fig. 3 for layers.
These demultiplexing and multiplexing structures are used to
implement the layer load-balancing technique employed by
RPM. At packet injection, flits are demultiplexed uniformly to
the layers using the packet injection stage. Once demulti-
plexed to a horizontal layer, flits are routed on this plane using
either minimal XY or YX routing with equal probability. At
the destination (X, Y) coordinates, packets from all layers are
multiplexed at the destination processor in the packet ejection
stage.

With this architecture, each horizontal plane is effectively
a conventional 2D mesh with just 5-port routers. Rather than
connecting directly to these 5-port routers, each processor is
connected to a packet injection stage at the same (X, Y) loca-
tion. This packet injection stage is in turn connected to 5-port
routers at the same (X, Y) location. This is depicted in Fig. 3 for

, with processors to demultiplexing to layers to
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Fig. 4. Packet injection demultiplexer.

. Similarly, on the packet ejection side, a packet ejection mul-
tiplexer is used at each processor to multiplex flits arriving from
layers to . We refer to this adaptation of RPM routing on
the LM architecture as RPM-LM.

As we will see in Section IV-A, the combined costs of these
demultiplexers and multiplexers with the 5-port router costs are
significantly lower than the 7-port router costs of a conventional
3D mesh. The microarchitectural details of these packet injec-
tion and ejection stages and the routers are detailed next.

1) Packet Injection: The packet injection stage is essentially
a 4-port switch with a typical router pipeline consisting of route
selection, virtual channel (VC) allocation, switch arbitration,
switch traversal, and link traversal. However, route selection
is modified to implement layer load-balancing, which has to
ensure that statistically traffic does indeed get uniformly dis-
tributed across all layers. This is achieved by using a set of
flit-counters for each ordered pair of input and output ports in
the load-balancing logic. A flit-counter records the total
number of flits sent from input to output . When a new head
flit is injected from processor , the route selection logic will
select the output layer with the lowest flit-count . Ties
between layers are broken by a rotating output priority pointer
for that gets advanced at each route selection. Once a layer
is chosen by the route selection stage for the head flit, all re-
maining flits of the packet will be routed on the same layer. The
VC allocation stage further allocates a virtual channel on the in-
jection port of the 5-port router on the selected layer. Together,
flits belonging to the same packet are guaranteed to be routed
on the same layer through the same set of virtual channels, thus
ensuring their in-order arrival at the destination.

Finally, we found that a single VC with a small amount of
buffering (e.g., five flits) is sufficient at each input of the packet
injection demultiplexing switch. For implementation, the packet
injection demultiplexer can be spread across the layers. The
control logic can be located on the middle layer so that the
wiring for the control signals is minimized and uniformly dis-
tributed across the layers.

2) Router Microarchitecture: Fig. 5 depicts the microarchi-
tectural details of the 5-port horizontal plane routers used in the
LM architecture. Once a packet is injected into a router on one of

Fig. 5. Intralayer router on layer � .

Fig. 6. Packet ejection multiplexer.

the layers, RPM-LM uses either minimal XY or YX paths with
equal probability to reach the (X, Y) coordinates of its destina-
tion. This is essentially O1TURN [12] routing on the horizontal
plane. In turn, the microarchitecture of each 5-port router on the
2D plane is very similar to that of the O1TURN router [12].
The injection port receives flits from any one of the outputs of
the vertical switch. The virtual channels at each input port are
divided into two sets-one set for XY routing and another for
YX routing. After being injected into one of the routing layers,
a packet is restricted to remain in the virtual channels of that
layer while being routed on the 2D plane. The routing and VC
allocation stages are duplicated as in the O1TURN router to in-
dependently handle the corresponding decisions in the XY and
YX routings. The switch arbitration stage is common to both
XY and YX routings since flits from all virtual channels at each
input contend for the same crossbar.

3) Packet Ejection: The ejection port of each router is con-
nected through packet ejection multiplexers to all processors at
the same (X, Y) coordinate, as depicted in Fig. 6. In particular,
each horizontal plane router sees at its ejection port four virtual
channels, each of which corresponds to an ejection queue of a
processor connected to the router. In the example depicted in
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Fig. 6, a router on the first layer sees four virtual chan-
nels, namely , , , and as
its ejection channels located at processors , , and ,
respectively. The route selection stage chooses the appropriate
output VC for a packet based on its destination. After leaving
the horizontal plane router, the VC ID field on a flit is used to
determine the packet ejection multiplexer into which the flit is
inserted. Finally, each packet ejection multiplexer can indepen-
dently choose among its input queues which flit to forward to the
corresponding destination processor at each cycle. Each multi-
plexer also handles flow control for its input buffers. We found
that only a small amount of buffering (e.g., five flits) is sufficient
at each of these input queues. For implementation, each packet
ejection multiplexer can be implemented on the corresponding
processor layer.

B. Worst-Case Throughput Analysis

Claim 1: The worst-case throughput of RPM-LM is equal
to the worst-case throughput of RPM on a 3D mesh, which is
optimal when the network radix is even and within a factor of

of optimal when is odd.
Proof: As in [9], optimal worst-case throughput anal-

ysis is based on ideal load analysis, which assumes ideal
routers with infinite buffering. It is well known that VAL
routing [11] achieves optimal worst-case throughput, and its
maximum channel load is twice that of uniform traffic under
dimension-ordered routing, which is when is even and

when is odd. To demonstrate that a routing
algorithm is worst-case throughput optimal, it is sufficient to
show that the maximum channel load of under all admissible
traffic is the same as VAL. In [9], it was shown that RPM on a
3D mesh is optimal when is even and within a factor of
of optimal when is odd. This was shown by showing that
the uniform load-balancing of RPM in the vertical dimension
ensures that the 2D traffic that will traverse any XY plane will
be doubly sub-stochastic if the overall 3D traffic matrix is
doubly sub-stochastic. Given that RPM uses O1TURN [12] for
routing on a XY plane, and that the 2D traffic on a XY plane
is guaranteed to be admissible, it follows from the O1TURN
result that the maximum channel load along the horizontal
dimensions is , which is optimal when is even. When
is odd, the ratio of the maximum channel loads of VAL over
RPM is , which is a factor

of optimal.
For RPM-LM routing on the LM architecture, traffic is also

uniformly load-balanced across the layers. Using the same anal-
ysis, the 2D traffic that will traverse any XY plane will be doubly
sub-stochastic under an admissible . Therefore, the maximum
channel load on the XY planes will be the same as O1TURN.
Given that the demultiplexing packet injection stage and the
multiplexing packet ejection stage are both non-blocking under
ideal load analysis, the maximum channel load is dictated by the
load on the channels in the XY planes. Therefore, RPM-LM on
the LM architecture achieves the same worst-case throughput as
RPM on a 3D mesh. This analysis holds for both symmetric and
asymmetric meshes.

IV. EVALUATION

Next, we compare the LM architecture to a 3D mesh in terms
of power and performance. We evaluate two configurations, a

symmetric topology and a asymmetric
topology. Both the 3D configurations evaluated have four device
layers. In practice, 3D mesh networks are not expected to be
symmetric in 3D chip designs. The number of device layers is
expected to be much less than the number of processor tiles that
can be placed along the edge of a layer. Hence, we chose an
asymmetric topology for our evaluation.

A. Power Comparison

In this section, we compare the power of the LM and 3D mesh
architectures using the power models in Orion 2.0 [19]. The
power models used are for a 65-nm process at 1 V and an op-
erating frequency of 1 GHz. The power reported includes both
static and dynamic power components. A typical flit injection
rate of 0.3 flits/cycle is assumed at the injection queue of each
processor for both the and topologies. Based
on this injection rate and the average hop count of a flit in the
LM and 3D mesh architectures, the average flit arrival rate per
port is computed for the routers in the two architectures. Since
the LM architecture requires fewer hops on an average to route
a flit from its source to its destination, the lower hop count trans-
lates into a lower flit arrival rate per port in the routers of the LM
architecture when compared to 3D mesh routers. Similarly, flits
need to traverse more routers on an average in the
topology when compared to the topology, thus in-
creasing the flit arrival rate per port of routers in the
network. The per-port flit arrival rate affects the dynamic power
consumption of routers.

Table I compares the average router power cost per processor
for the two architectures. The routers in the LM architecture
have only five ports, compared to seven ports needed by routers
in a 3D mesh. However, the LM architecture incurs the cost of
an extra vertical demultiplexing switch for every 4 routers and
a buffered multiplexer at every processor. The additional hard-
ware adds to the amortized router cost per tile. For each router,
we assume input buffers consisting of 4 VCs, each five flits deep
in both architectures. The vertical demultiplexing switch in the
LM architecture has a single queue with five flits of buffering
at each input. We found that a small amount of buffering at the
demultiplexer is sufficient to load-balance flits across the ver-
tical layers. Each multiplexer at a processor in the LM architec-
ture has 4 queues, one for each layer, with five flits of buffering
each. As shown in Table I, with the costs of the demultiplexing
and multiplexing structures added, the LM architecture still con-
sumes 27% less power in comparison to a 3D mesh for both the
symmetric and asymmetric topologies.

B. Throughput Evaluation

In this section, we compare the throughput of RPM-LM on
the LM architecture with RPM on a 3D mesh. These routing
algorithms have been shown to be worst-case throughput op-
timal for the two architectures, and RPM is known to be better
than other existing algorithms for 3D meshes, especially under
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TABLE I
COMPARISON OF ROUTER POWER PER TILE

TABLE II
TRAFFIC PATTERNS EVALUATED

adversarial traffic. Throughput is evaluated in two parts. First,
we assume ideal single-cycle routers with infinite buffers and
perform a simplified throughput analysis. We then back these
results with detailed flit-level simulations.

1) Simplified Throughput Analysis: Table III presents sim-
plified throughput analysis results. The throughput values are
normalized to the network capacity of a 3D mesh, where the
network capacity is defined by the maximum channel load that
a channel at the bisection of a network needs to sustain under
uniform traffic. The worst-case traffic for RPM and RPM-LM is
determined by the method proposed in [18]. The average-case
throughput results shown in Table III are computed by aver-
aging the saturation throughputs over one million randomly gen-
erated traffic patterns. We also compare the throughput of the
two architectures on the four different traffic patterns defined in
Table II. RPM-LM has the same worst-case throughput as that of
RPM on a 3D mesh, as analyzed in Section III-B. For the sym-
metric mesh topology, RPM-LM outperforms RPM
by 14.5% in average-case throughput, which is a significant im-
provement. For this topology, although RPM performs slightly
better than RPM-LM on transpose traffic, the two perform com-
parably on Complement and DOR-WC traffic patterns. On uni-
form traffic, RPM-LM outperforms RPM by 33% for the sym-
metric mesh topology. This is mainly because the LM architec-
ture makes better use of the interlayer bandwidth available in
3D integrated circuits (ICs) to overcome bottlenecks caused by
two-phase routing along the vertical dimension. The simplified
throughput analysis results of RPM and RPM-LM are very sim-
ilar for the asymmetric mesh topology. RPM-LM and
RPM have the same worst-case throughput and comparable av-
erage-case throughput. The saturation throughputs for the traffic
patterns evaluated are also very close. This is because, for the
asymmetric topology, throughput is mainly constrained by the
load on the horizontal channels and the links along the short ver-
tical dimension are relatively less loaded.

2) Detailed Flit-Level Simulation: We use flit-level simula-
tions to compare the actual throughput that can be sustained by

TABLE III
RPM VERSUS RPM-LM

Fig. 7. Performance of RPM on 3D mesh and LM for the � � � � � case.
(a) Uniform; (b) transpose; (c) complement; (d) DOR-worst case.

the two architectures under different traffic conditions. In partic-
ular, we used the PoPnet [20] simulator to evaluate the average
routing delays under different injection loads. The simulator
models a five stage router pipeline corresponding to route se-
lection, VC allocation, switch arbitration, switch traversal, and
link traversal. Each input has 8 VCs with 5 flit buffers per VC.
For each simulation, we ran the simulator for 500 000 cycles.
The latency of a packet is measured as the delay between the
time the header flit is injected into the network and the time the
tail flit is consumed at the destination. The injected packets have
a constant size of five flits. The simulations were performed on
the four traffic patterns shown in Table II. As shown in Fig. 7,
the saturation throughput results follow the same trend as the
simplified throughput analysis. The plots also give us an accu-
rate idea of the number of cycles saved by using the LM archi-
tecture over a 3D mesh. The latency of RPM-LM is lower than
that of RPM for all four traffic patterns. The reduction is a con-
sequence of the single-hop vertical communication and fewer
pipeline stages in the packet ejection stage of the LM architec-
ture, as compared to a conventional router.

C. Worst-Case Hop Count Analysis

Finally, the worst-case hop count of RPM is given as
and the worst-case hop count of RPM-LM

is given as where , , are the
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Fig. 8. Performance of RPM on 3D mesh and LM for the � � � � � case.
(a) Uniform; (b) transpose; (c) complement; (d) DOR-worst case.

lengths of the X, Y, and Z dimensions, respectively and the “ 2”
corresponds to the extra demultiplexing and multiplexing hops.
The LM architecture achieves a worst-case hop count reduction
of 33% for the symmetric topology and 20% for the asymmetric
topology.
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