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ABSTRACT 

In this paper, the nano-CMOS hybrid Autonomous 
Error-Tolerant (AET) cellular network architecture, which 
integrates today’s mature CMOS technology with emerging 
nanotechnology, is proposed. Within the cellular network, 
each AET cell contains a nanocore, CMOS cell peripherals 
and their interface circuits. The overall network is 
homogenous. These imply strict constraints for intercellular 
connection schemes and routing policies. Depending on the 
communication requirement between two nodes, different 
routing methods apply. 
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1 INTRODUCTION 

It’s doubtless that the chips are about to enter the nano 
age and today’s electronics and computer system 
engineering based on the assumption that perfect 
infrastructure should be maintained at all abstraction levels 
faces many challenges. First, it will be difficult to create 
either precise alignment between components or 
deterministic aperiodic structure. Second, the methods used 
to assemble nano scale components are most effective at 
creating random, or at best, crystal-like structures. 
Furthermore, there are no viable physical solutions that can 
interconnect a large nano system despite of the progress of 
nano interconnects and self-assembly. Therefore, a bottom-
up approach using nano-CMOS hybrid Autonomous Error-
Tolerant (AET) cellular network architecture is proposed 
[1], as shown in Figure 1. In our approach, each hexagonal 
AET cell consists of a nano-core dedicated for local 
computing, CMOS cell peripherals responsible for cell I/Os 
and system level tasks, and their interface circuits. The idea 
is to partly move error and fault tolerance issues to system 
design and architecture level from today’s low level testing 
and testability design. 

The AET cells are physically autonomous and flexible. 
The overall network is homogenous (with identical cells 
and constant-pattern symmetric wiring). These imply strict 
constraints for intercellular connection schemes. Despite of 
the locality of computing within each cell, the overall 
performance of the AET cellular network is very much 
dependent on the performance of the intercellular 
interconnects. We propose CMOS as cell I/Os for 
intercellular communications because it is mature and 
provides good voltage gain. The intercellular 

communication link will most likely consist of a large 
number of parallel wires. 
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Figure 1: (a) Sketch of a network of homogenous 
autonomous error-tolerant (AET) cells. (b) An AET cell. 

2 NETWORK ROUTING 

The circuit switched network is suitable for uniform data 
traffic with long lifetime. Within a communication channel, 
the data packets arrive in order after a constant latency. 
Also, since a circuit is established before transmission, 
throughput can be guaranteed [2]. Finally, the congestion 
control is made upon channel establishment and bandwidth 
reallocation, making the transmission predictable. These 
features make circuit switched cellular network attractive 
and we consider only circuit switched cellular network in 
this paper. The whole communication procedure between 
two cells becomes as following: the transmitting cell 
initialize a channel of a certain bandwidth by sending a 
request to the router (see also the next section), the router 
checks if there exists a route with required bandwidth. If 
yes, the router “reserves” the required bandwidth on each 
link of the route and the transmission can start. If not, the 
router informs the transmitting cell and it can resume 
transmission after a certain time. The bandwidth 
reallocation and channel tear-down are handled in a similar 
manner. The bandwidth sharing over a communication link 
between two adjacent cells is essential in the cellular 
network and can be realized using different schemes, for 
example time-division-multiplexing. 

Clearly, routing is a major issue for the network. In the 
following text, we focus on the centralized routing 
algorithms even though distributed algorithms also exist. 
Centralized routing algorithms require a single node with 
needed information about a network including topology and 
link information. Thus, we assume there is a single central 
router containing the topology and link information. This 
information is dynamically reconfigured and updated upon 
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different network events, for example channel 
establishment and tear down. In the routing analysis in the 
next section, we assume equal propagation delay between 
any two adjacent cells. This assumption is reasonable since 
the network is homogeneous. 

2.1 Unicast Routing with Minimum Delay 

Unicast means one-to-one communication with one 
transmitter and one receiver. As mentioned above, the delay 
is the same for each link. The optimal unicast routing 
becomes therefore to find a path containing as few links as 
possible between the transmitting and receiving cell. This 
can easily be transformed to the single-pair shortest-path 
problem in graph theory [3]: Given a graph ( )EVG ,=  and 

two vertices Vu ∈  and Vv ∈ , find a shortest path from u
to v.

For establishing a channel with a bandwidth W and the 
shortest possible delay, we can do the following 
transformation: set up one node for each cell. Set up also an 
edge of weight 1 if there is a link between two cells with an 
available capacity larger than or equal to W, or infinity 
otherwise.  

The transformation is obvious, if a link can accommodate 
the bandwidth required (with an available capacity larger 
than or equal to W), we put a weight of 1 for that link, 
meaning that the data can pass that link with a unity delay 
cost of 1 (the delay is same for each link), otherwise, the 
weight is infinity, meaning that the bandwidth available is 
not enough and the shortest path can not contain that edge. 
The returned solution is a shortest path (our route) with a 
total weight equals to either the number of links in that 
route, or infinity, which means no channels of bandwidth W 
exist. It should be noticed that this routing algorithm is not 
limited to do the actual routing. Since it returns the path 
with lowest delay between two cells, it can also be used to 
determine whether a delay-critical communication channel 
of certain bandwidth can be established between two cells 
by comparing the provided shortest delay and the maximum 
delay allowed by the communication channel. 

The single-pair shortest path problem is well-studied and 
can be solved using for example Dijkstra’s or Bellman-Ford 
algorithm with a computational complexity of ( )2VO  or 

less, depending on the implementation [3].  

2.2 Maximum Bandwidth Unicast Routing 

For bandwidth-demanding applications, bandwidth 
rather than delay is of interest. The task of finding the 
maximum available bandwidth between two cells can be 
transformed to the maximum-flow problem in graph theory: 
Given a flow network ( )EVG ,=  with source s and sink t,

find a flow of maximum value from s to t.
To find the maximum bandwidth from a transmitting cell 

to a receiving cell, we can do the following transformation: 

set up one node for each cell. Set up also an edge between 
two vertices if there is a link between the two 
corresponding cells. The capacity of the edge is equal to the 
available bandwidth on that link. The vertex corresponding 
to the transmitting cell is set to the source s and the vertex 
corresponding to the receiving cell to the sink t.  The 
solution to the max-flow problem of the obtained flow 
network is then also the solution to our original maximum-
bandwidth problem.  

The transformation is obvious; the edge capacity is set 
equal to the available bandwidth on a link, meaning that the 
maximum bandwidth that can be accommodated on that 
link is equal to the available bandwidth. The returned 
solution includes the maximum bandwidth from the 
transmitting cell to the receiving cell and the path that 
provides this bandwidth. 

The maximum bandwidth routing is illustrated in Figure 
2. The link capacities are indicated with the numbers. The 
maximum bandwidth between the sending cell S and the 
receiving cell R is 5, following the dashed route. 

Maximum 
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Figure 2: Maximum bandwidth unicast routing. 

The maximum bandwidth calculation can also be run in 
background, when no channels are to be established. For 
example, a table listing maximum bandwidth between pairs 
of cells that frequently communicate with each other can be 
maintained. By doing so, a table lookup can be done to 
determine whether required bandwidth is available before 
establishing a channel, reducing calculation time when 
available bandwidth is not enough. 

2.3 Multicast Routing with Minimum Delay 

When it comes to multicast (same data from single 
source to multiple destinations, motivated by for example 
keeping distributed memory coherent) routing, it becomes 
more complicated. Depending on the traffic character, 
different parameters can be optimized. There are three 
classes of algorithms: shortest path-based (gives shortest 
delay, simple and effective but consumes more network 
bandwidth), Steiner-based (minimizes the use of network 
bandwidth but NP-complete) and constrained Steiner-based 
algorithms (a combination of the above two) [4].  

One possible shortest path-based algorithm is to divide a 
multicast with k destinations into k separate unicasts with 
the same source and destinations and then apply the single-
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source shortest-path routing algorithm to find the shortest 
path between the source and each of the receivers. The 
single-source shortest-path routing algorithm is similar to 
the single-pair shortest-path routing algorithm described 
above, but finds the shortest path between the source and 
each of the remaining nodes (except the source) in the 
graph. It has the same computational complexity as the 
single-pair shortest-path routing [3]. The only difference is 
the following: if two (or more) unicasts with bandwidth W 
derived from one multicast share one link, the available 
bandwidth on that link decreases with only W, compared 
with a decrease of 2W for two “real” unicasts with different 
sources. This is because the data is the same for the unicasts 
derived from a multicast and can be transmitted 
simultaneously on a link while “real” unicasts contain 
different data and therefore must be transmitted separately. 
It is obvious that the shortest path-based algorithm 
described above gives the shortest delay between the source 
and each of the receivers since we find shortest path 
between the source and each of the receivers independently. 
However, this algorithm does not consider the network 
bandwidth utilization issues and does not provide the most 
bandwidth-effective routing. Thus, it is suitable for delay-
critical communications in a non-congested cellular 
network.  

Figure 3 shows the multicast routing with minimum 
delay to each of the receiving cells R. Following the dashed 
routes, the delay is 2, 2, 2 and 1 to the four receivers. The 
total bandwidth used in the network is 6 links. 
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Figure 3: Multicast routing with minimum delay to each 
of the receiving cells. 

2.4 Minimum Total Bandwidth Usage 

If network is congested and the bandwidth usage is 
critical, the Steiner-based algorithms should be considered. 
These algorithms are to solve the (directed) minimum 
Steiner tree-problem. The directed minimum Steiner tree-
problem can be formally defined as the following: Given an 
edge-weighted directed graph ( )EVG ,=  with a source 

node and a set of destination nodes, construct a minimum-
weight tree rooted at the source, which spans all the 
destination nodes. It’s obvious that our task of routing 
multicast with minimum total bandwidth usage (the sum of 

used bandwidth on all links) can be transformed to the 
directed minimum-Steiner tree problem. For establishing a 
multicast with a source-to-single-destination bandwidth W, 
we can do the following transformation: set up one node for 
each cell. Set up also an edge of weight 1 if there is a link 
between two nodes and the available bandwidth on that link 
is larger than or equal to W, or infinity otherwise.  

The transformation is quite obvious and similar to the 
unicast single-pair shortest-path transformation described in 
paragraph 2.1. If a link can accommodate the bandwidth 
required (with available bandwidth larger than or equal to 
W), we put a weight of 1 for that link, meaning that the data 
can pass that link with a unity delay cost of 1 (the used 
bandwidth is the same for each link, namely W), otherwise, 
the weight is infinity, meaning that the bandwidth available 
is not enough and the tree can not contain that edge. The 
returned solution is a directed tree (our route) with a total 
weight equal to either the number of links in that tree, or 
infinity, which means such multicast can not be scheduled. 
One problem with the minimum Steiner-tree algorithm is 
that it is shown to be NP-complete and becomes infeasible 
to solve when the number of cells becomes large. Heuristic 
approximation algorithms exist and other constrained 
Steiner-based algorithms are described in more detail in 
[4][5].  

Figure 4 shows the multicast routing with minimum 
total bandwidth usage. It should be noted that the network, 
sending node and receiving nodes are identical to Figure 3. 
However, the obtained routes are different. The delay to 
some of the receiving nodes is larger but the total number 
of links (proportional to the total network bandwidth usage) 
is smaller than in Figure 3. 
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Figure 4: Multicast routing with minimum total 
bandwidth usage. 

3 CONCLUSIONS 

In this paper, we propose the nano-CMOS hybrid 
Autonomous Error-Tolerant (AET) cellular network 
architecture, integrating the mature CMOS technology and 
future nanotechnology. Depending on the channel type, 
different algorithms can be used and different parameters 
are optimized. 
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