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ABSTRACT 

This document mainly focuses upon the work being 

done towards the RTL based micro-architecture 

design of an on-chip Interconnection Router, and its 

verification, validation and optimization. 

1. INTRODUCTION  

Rapid scaling in semiconductor technology is being 

challenged by Single Event Upset (SEU) effects, 

caused by cosmic radiation. Reduction in device 

features has increased its susceptibility to Soft Errors, 

which has become the major bottleneck in modern 

device functionalities both in terrestrial and spatial 

environment. The main objective of the project is to 

analyze the Soft Error trend on On-Chip 

Interconnection Router with reduction in device size, 

and as part of Distributed Embedded Systems 

Course, a RTL based micro-architecture design of a 

router is delivered, where the SER analysis will be 

focused. 

2. MOTIVATION  

In a CMOS level circuit operation, a micro-electronic 

device deviates from its normal execution due to its 

interaction with various extraneous particles present 

in terrestrial and spatial space. This includes alpha 

particles emitted from solder bumps used in CMOS 

design, neutron particles in atmosphere, and 

electromagnetic radiations like gamma and x-rays, 

which induces temporary error in circuit output or 

operation that might lead to entire device failure. 

For ex., an nfet when given respective gate (greater 

than threshold voltage) and drain-source voltage as 

shown in fig. 1, an inversion layer is created beneath 

the gate and the nFET begins to conduct by changing, 

its state from cutoff to linear state. When an 

atmospheric neutron strikes the CMOS surface, the 

path through which it traverses, undergoes ionization 

producing electron-hole pair [1]. These particles drift 

towards their opposite electric field, and in doing so 

lead to leakage current and hence, extra power intake. 

Also, as these electrons get settled in the inversion 

layer, the channel is created earlier, hence reducing 

the threshold voltage. Because of this, the nFET turns 

ON earlier, resulting into Soft Error. 

 

Fig 1: Soft Error for a nFET 

Hence, analyzing the soft error rate for a router, being 

a critical unit in Network-on-chip, which is 

responsible not only to correctly deliver the packets 

to its desired destination but to ensure proper 

fairness, flow control mechanism, and deadlock and 

livelock avoidance before doing its routing operation; 

a single transient spike might lead to a catastrophic 

failure in entire NoC operation. Therefore, an on-chip 

routerôs verification and validation cannot be 

considered complete without a proper and thorough 

analysis of soft-error rate, which is the heart and soul 

of this entire project. 

3. ROUTER DESIGN 

A Worm-hole Router is a type of router which 

buffers the packet flit by flit, occupies the channel in 

its entirety till it is routed completely. The router till 

then buffers other incoming flits for the same output 

port, and relinquishes the control once it is done with 

the routing of current packet.  The section first 

discusses the initial prototype designed, and then 

elaborates upon various optimizations being made. 
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3.1 Initial Design 

3.1.1  Architecture 

The initial Wormhole Router [2][3][4] has three 

major components: switch ï that routes the packet 

from selected input port to its desired output port, 

switch-allocator ï that resolves all sorts of request 

conflicts, and input modules ï that consist of a buffer 

which stores the flits waiting to be serviced, route 

computation unit that computes the route based upon 

destination address, and a controller. 

 

Fig 2: Wormhole Router Architecture (Initial) 

3.1.2 Initial Specification 

For the initial RTL based design, following are the 

specifications considered for the design. 

a) Interface ï The router contains five (even 

though, shown four) input/output ports (North, 

South, East, West, Local), five input/output 

enable line to indicate the router that the data 

appearing on the line is valid and has to 

processed, on/off flow control line both at input 

and output side for each port required for proper 

flow control, and clock. 

 

b) Switch ï For routing the flits from selected input 

port to requested output port, a 5x5 cross-bar 

switch has been designed that has grant signals 

as selection lines coming from switch-allocator, 

that decides which input port to be considered 

for routing the flits to the desired output port. 

Internally, it is being implemented as series of 

multiplexors[4][5]  with control signals in one-

hot encoded form, coming from switch allocator, 

such that for a particular muxN as shown in Fig 

3, only one grant signal will be asserted by SA, 

and hence that particular input line will be set to 

the output. For example in muxN, if gSN is 1, 

then odataN will be equal to idataS. The switch 

has five such multiplexors for each of the five 

output ports. 

 

 

Fig 3: Cross-bar switch implementation 

c) Route Computation with Dynamic XY 

Routing ï The Route Computation unit, initially 

designed with dynamic XY routing, reads the 

destination address, and makes its decision as 

following. If the destination address is same as 

source address, it routes locally. If the x or y 

address is same, it routes it in that particular 

direction. In all other cases, it sets the request at 

both x and y level and makes the Allocator 

responsible to decide which request to be 

granted. This way, it introduces some sense of 

fairness in the routing algorithm, and gives the 

switch multiple ways to send a packet incase 

desired output port is busy. 

 

d) iSlip Allocator ï The Switch Allocator was 

initially designed as iSlip Allocator that had 

LRU arbitrators at two levels. The design of 

LRU arbitrator will be explained in section 3.2.3. 

The first level of arbitrators resolve the conflict 

at input level such that if one input port requests 

for more than one output ports, one request will 

be granted. The second level takes these filtered 

requests and resolves the conflict at output level 

so that if two or more requests for the same 

output port, only one is granted. 

 

3.1.3 Initial Router Pipeline 

In the first clock cycle, when the header flit arrives, 

both read and write pointer are set and the flit is 

written(BW) into the queue and write pointer is 

incremented. In the second clock cycle, data from the 

top of the buffer is read (BR) and fetched to Route 

Computation (RC) unit. At the same time, body flit is 

written to the buffer and write pointer is incremented 

further. In third cycle, RC unit sends respective 

request lines to the Switch Allocation (SA) unit 

which sets the grant lines, that inturn controls the 5x5 

cross-bar switch.  If the request is granted, the flit 
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traverses through the switch (ST), and it increments 

the read pointer so that in fourth cycle, body flit is 

available for Switch Allocation and Switch Traversal, 

bypassing RC stage. Similarly tail is routed in the 

same fashion. Hence for a packet with one header, 

one body and one tail flit takes 5 clock cycles in total 

to route. 

 

Fig 4: Router Pipeline stages 

However, this pipeline suffers from two major 

bottlenecks that was kind of a provoking factor for 

optimizing this design. First, it has higher latency of 

two clock cycles to traverse a flit from its output port. 

Second, it introduces a stall when a new header 

arrives just after the tail. This is because of the 

dependency between SA and BR, as shown by the 

arrow in Fig 4. As per Fig 4, BW for next head flit 

happens at fourth cycle, and SA of previous tail flit 

happens at fifth clock cycle which increments the 

read pointer and issues buffer read, because of which 

data is available at sixth clock cycle. RC occupies 

this stage at sixth clock cycle, and hence SA and ST 

can happen only at seventh clock cycle. Therefore, 

there is no flit output at sixth clock cycle. This 

problem can be solved either by introducing more 

pipeline stages introducing more latency but higher 

throughput or by putting RC, SA and ST at same 

clock cycle having a long combinational path.  

3.2 Optimized Router Design 

3.2.1  Architecture 

Because of the above bottlenecks discussed in 3.1.3, 

design optimization by using look-ahead routing with 

modified Route Computation and Switch Allocator, 

is implemented. Look-ahead routing is a type of 

routing where the route of a current router is pre-

decided by its upstream router, and the current router 

decides for next routerôs route before sending the 

packet. By doing this, the dependency between Route 

Computation (RC) and Switch Allocator (SA) is 

eliminated, and hence both these steps can be done in 

parallel in same clock cycle, speeding the executing 

by one cycle.  

 

Fig 5: Wormhole Router Architecture (Optimized) 

As shown in Fig 5 (optimized design), the Switch 

Allocator (SA) now takes the input directly from the 

controller instead of Route Computation (RC) as 

shown in Fig 2. Also the output of RC now goes 

directly to the controller, instead of SA. This enables 

both RC and SA to execute in parallel, and hence 

saves the latency by one clock cycle. 

3.2.2 Optimized Pipeline 

Comparing pipeline diagram of Fig 6 with that of 

Fig. 4, when the header arrives at one of the input 

port, BR, RC, SA and ST are smashed in one cycle. 

This doesnôt increase the combinational chain as 

there is no dependency between RC and SA because 

of look-ahead routing, and hence it is done in parallel 

in same clock cycle. 

 

Fig 6: Wormhole Router Pipeline (Optimized) 

In clock cycle 1, the header gets queued in the 

routerôs FIFO. In next clock cycle, body is buffered, 

and in parallel, the controller reads from the queue 

and identifies it as header. The controller then sends 

the current_route_info field of the header to SA to 

arbitrate for the output ports. In parallel, it reads the 

destination field of the header, sends it to RC. RC 

yields the routing info of next router, and replaces the 

current_route_info field of the header with the output 

of RC. When the grant signal is asserted by SA, 

updated header traverses through the switch. The 

immediate body and tail flits takes the same route as 

being done for the header. Hence for a packet with 
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one header, one body and one tail flit,  the router takes 

4 clock cycles in total to route; one cycle less than 

that of initial design. 

Also, by this approach, there is no stall between tail 

and immediate head even though the dependency 

between SA and BR for next flit is maintained. This 

is because of removal of dependency between RC 

and SA. Having three dependencies i.e. between RC 

and SA, and SA and BR of next flit, in the initial 

design, is bound to create a stall at successive stages. 

This approach not only reduces the latency but also 

increase the throughput of the router. 

3.2.3 Design Optimization 

 

a) Route Computation with XY Routing ïInitial 

design used Dynamic XY Routing, where the RC 

unit will attempt to route the packet through 

multiple ways if there are more than one way to 

reach the destination. This approach is deadlock 

free, non-adaptive in nature and ensures proper 

fairness because of which, every neighboring 

routers are given equal chance to deliver the 

packet and doesnôt keep a single specific 

neighboring router busy. But the problem with 

this algorithm is it doesnôt ensure that all the 

packets will take the same path to reach the 

destination, hence might lead to unordered 

delivery at destination node. 

 

 

Fig 7: Dynamic XY vs. XY Routing 

Hence, it was decided to roll back to XY 

Routing, where if the destination is placed 

diagonally, it first routes to x direction, then to y 

direction. Though this algorithm keeps the 

neighboring horizontal node busy, but ensures 

ordered delivery of packets. 

b) LRU Arbitration  

 

This unit receives five requests as input and has 

five grant lines as output. Based upon the request 

lines, it ensures mutual exclusion by asserting 

one and only one grant line at a time. 

 

 Fig 8: Arbitration Unit 

It sets the grant line based upon Least Recently Used 

priority by giving the grant to that request which has 

been served least recently. This is implemented by 

having five registers namely HI, M1, M2, M3, and 

LO with descending priority. When a request is 

made, a check is made in the registers in order of 

priority such that if request-line stored in HI has 

made a request, all other requests are ignored, and 

grant particular to that request is set. In doing so, it 

changes the priorities by moving the registry entries 

from M1 -> HI, M2 -> M2, é HI -> LO, such that 

the recently granted request line has least priority 

over others. Grant is made in same clock cycle, but 

priority changes are reflected in next clock cycle. 

c) Switch Allocation ï The initial SA design 

involved iSlip Allocator which had one layer of 

arbitrators to resolve input conflicts, and another 

layer to resolve output conflicts. Each arbitrator 

can run at maximum frequency of 78 Mhz, hence 

having two arbitrators in series made the whole 

router to run at 34.94 Mhz. Also, by having XY 

routing in place of Dynamic XY routing ensures 

that each input port requests to one and only one 

output port, hence there is no need to resolve 

input conflict. Hence, the optimized design has 

only one layer of arbitrators to resolve output 

conflicts.  

 

 
Fig 8: Switch Allocator Design 

As shown in Fig 8, SA has five arbitrators for each 

output ports, and they set the grant lines based upon 
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the request lines coming from each input module. 

These grant lines are used to route the flits to the 

requested output port. 

d) Flow Control 

The router pipeline uses ON/OFF Flow control to 

instruct the upstream router to stop sending flits.  

When the input buffer of the router fills up its space 

by storing incoming flits and reaches its maximum; it 

sends a full signal to the upstream router. The SA of 

Upstream on receiving this signal, forbids to assert 

the grant to that particular port, as a result of which, 

no flit is transmitted until the downstream buffer has 

sufficient space to fill up incoming flits and pulls 

down full signal to allow flit arrival. This way, it 

maintains proper flow of flits across the network. 

e) Flit Format  

Each packet is assumed to have any no. of flits 

followed by header, body and tail. The header is 

isolated from body and tail in terms of payload 

occupancy, and contains necessary routing info [5]. 

The flit size is considered to be 16 bits and the flit 

format assumed for this design is shown as below in 

Fig 9. Each field is described as below 

 

Fig  9: Switch Allocator Design 

 

(i) Sequence No. ï This is for uniquely identifying 

a packet. Each flit that belong to the same 

packet has the same sequence no.. By this the 

router checks that it is currently servicing the 

right flit for which it has recently served the 

header. If by any chance (which is rare), it gets 

a flit from a different packet (identified by its 

sequence no.), it will drop the flit and wont 

route it further. 

 

(ii)  Flit type ï This field is to distinguish between a 

head, body and tail flit. 

 

(iii)  Payload ï This field contains the useful 

information that the source node wants to send. 

 

(iv) Destination (X&Y) ï It is of 2 bits wide each 

and contains the destination node info. This 

addressing scheme can support upto 4x4 mesh 

network. 

 

(v) Current route info ï This field stores the route 

info for the current router when the header 

arrives at input port, and contains the route info 

for the next router when it departs from output 

port. 

 

3.3 Simulation and Testing 

 

3.3.1 Intra -Router Testing 

Many test-benches were written to verify the router 

functionality. A packet was routed from different 

input ports to same and different output port, and 

conflict cases were captured and verified. 

 

 
Fig 10:  Intra-Router test cases 

Fig 11 shows the simulation of the third case where 

W routes to N, and E routes to N, that causes a 

conflict. As a result, the router allows W to N and S 

to E, and allows E to N once packet from E to N has 

completely traversed.  The optimized router involves 

single clock cycle delay in routing the packet and no 

stall between the tail of packet W to N and the header 

of E to N. 

Fig 11:  Simulation for third testcase for Intra-Router 

3.3.2 Inter Router Testing 

 

a) 2x2 Mesh ï The router was tested in a 2x2 mesh 

network, and several test-benches were written 

for its verification as shown below. 
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Fig 12: Inter-Routing test cases for 2x2 mesh 
 

 
Fig 13: Simulation for second testcase for 2x2 mesh 

 

Fig. 13 shows the simulation of the second case, 

where 10 node undergoes collision. Since, the 

channel between 10 and 11 is already allocated 

for packet travelling from 10 to 11, packet 

coming from 00 will be buffered and will not be 

allowed to pass until channel between 10 and 11 

is freed. Hence, at 11 node, packet 10-11 arrives 

followed by arrival of packet 00-11. However, 

since there is no conflict for 11-00 packet, it 

traverses without any hindrance. 

 

b) 3x3 Mesh ï The routerôs validation was 

extended for 3x3 mesh with following testcases 

as shown in Fig 14. 

Fig 14: Testcases for 3x3 mesh 

 

 
Fig 15: Simulation for second testcase for 3x3 mesh 

Fig 15 shows the simulation for second testcase of 

Fig 14 where node 22 undergoes collision as both the 

packets 00 to 22 and 11 to 22 tries to route to same 

outport port at node 12. 

3 RESULTS 

The initial router that had two clock cycles of latency 

and had a stall between the delivery of successive 

packets, when synthesized for Cyclone II FPGA 

EP2C35F672C8, could run at 34.94. After aggressive 

optimization by having look-ahead routing and 

simplified switch allocation, the operational 

frequency of router increased to 51.83 Mhz. It took 

9% of total on-board FPGA Memory. 

4 CONCLUSION 

Hence, as a project for Distributed Embedded 

Systems, an effort to design a RTL based optimized 

(in terms of space, frequency and latency) 

microarchitecture design of an on-chip router, as 

proposed, is not only made, but also involved an 

extensive testing and validation to make sure it 

properly operates in all adverse situations. Pre-

Midterm phase mainly involved getting the basic 

functionality of the router ready with some initial 

verification. Post-Midterm phase was involved in 

optimizing the design and extending the testing for 

3x3 mesh level. The future work that can be done in 

support of this work is to have a mechanism [5] to 

bypass the intermediate flits if the buffer and switch 

are free and ready to use. The width of sequence id 

might also be reduced and the design may have 

dedicated narrower link for the header flit. This 

would increase the payload percentage in the flit but 

also involve duplication of resources. Also, extra I/Os 

can be eliminated by removing the enable lines. This 

can be done by having read-sensors at the input port 

to detect a flit arrival. Sensors in arbitrators, can also 

be implemented to change the priorities when 

successive grants are made.  

For a project that demands RTL design of a time 

critical architecture like a router in general is quite 

complex, and in the same time, extremely interesting 

and challenging as it involves lot of design effort due 

to various possible design alternatives. The RTL 

level design itself was a different ball-game as it 

faced lot of synchronization and concurrency issues. 

It also needs a detailed test-plan as there can be 

various scenarios when a router might fail or 

situations that were not considered during the design. 

Hence, coming up with a design level plan from 

scratch, optimizing it and validating that it actually 

works through various test-cases, is itself a kind of 

learning experience. 

5 ACKNOWLEDGEMENTS  

The author would like to thank Prof. Luca Carloni 

and Prof. Simha Sethumadhavan for suggesting this 

innovative project, providing various literature 

resources that made it easy for an initial start and 

finally their comments and suggestion to optimize the 

design, without which, this little piece of work would 

have been inconceivable. He also would like to thank 

Prof. Ken Shepard and Michele Petracca for clearing 

various design level doubts and confusion that he had 

while working on this design project. 


