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ABSTRACT

With the core count increasing in Chip to support various data-
intensive workloads, Network-on-chip (NoC) has become the bet-
ter solution for addressing on-chip interconnection. Various data-
intensive workloads have different traffic patterns that require NoC
with different topologies and microarchitectures. On the one hand,
topology type selection has a great influence on the final perfor-
mance, area, and energy. However, it is difficult to change the
topology type in the traditional NoC RTL design process once it is
determined. On the other hand, NoC platforms have many tunable
micro-architecture design parameters, which require careful design
space exploration to trade off performance advantages and over-
head. Designing and validating each microarchitecture of NoCs to
account for various trade-offs will greatly exacerbate the design
cost issue.

We propose TPNoC, a topology reconfigurable NoC generator
framework. The TPNoC framework is divided into parameteriza-
tion, verification evaluation, and RTL generation stages, which can
be reconfigured into plug-and-play NoC platforms with different
topologies and microarchitectures according to the architect’s con-
figuration. Architects can efficiently use TPNoC to explore the best
NoC for specific workloads. Through verification and evaluation
experiments, we demonstrate that TPNoC can be efficiently recon-
figured into different NoCs while maintaining high performance.

CCS CONCEPTS

» Networks — Network on chip; Network simulations.
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1 INTRODUCTION

With the development of on-chip manufacturing technologies and
the requirements of high-performance computing, the core count
is growing quickly in Chip to support various data-intensive work-
loads. NoC has become the de facto solution for multi/many-core
architectures in addressing the communication challenge. The suit-
able domains vary from multi/many-core chips in HPC supercom-
puters to high-end servers with dozens to hundreds of homoge-
neous cores. In fact, there are many existing intellectual properties
(IP) cores that require on-chip interconnection communication so-
lutions to expand computing power. For example, Deep Neural
Network Models (DNN) model workloads are soaring in complex-
ity over the past years [1][11][9]. OpenAlI claims that the amount
of computing required to train the most powerful networks dou-
bles every 3.4 months [16]. The computing power of the previously
designed single-core DNN accelerators is challenging to meet the in-
creasingly large DNN model. Existing single-core DNN accelerators
need a flexible and scalable interconnection system to exert their
remaining value. Actually, more and more DNN accelerators have
shifted to many-core architectures using NoC systems solutions
[6][15][10].

Designing and testing a NoCs system from scratch is labor-
intensive and error-prone work. A fully functional NoC RTL gen-
erator can significantly simplify the design space exploration and
verification process. The output of the NoC RTL generator can be
used both as a model providing the most accurate network imple-
mentation and timing information and as a final design.
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Table 1: Comparison of existing NoC generators

Features OpenSoC OpenSmart | EAGAN | Constellation TPNoC
Language Chisel2 Chisel2/BSV | Chisel3 Chisel3 Chisel3
With protocol bridge No No No Yes Yes
Topology Mesh/Fat-Tree Mesh Unknown Arbitrary Mesh/Ring/Arbitrary
Router Microarchitecture 4 cycles 1-2 Cycles | Unknown 2/4cycles 2cycles

Topology Routing Do 1 1 Evaluation
Setting i algorithm i izl i Harness
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Figure 1: Flowchart of deploying the TPNoC framework.

TPNoC is a NoC generator framework written in the Chisel
language. Chisel[2] is an open-source hardware construction lan-
guage embedded in Scala, which improves the abstraction level
for hardware design by providing concepts such as object orienta-
tion, inheritance, functional programming, parameterized types, etc.
Chisel has been under active development over the last ten years.
There have been several examples of successfully manufactured
processors designed exclusively using Chisel [3], which illustrates a
faithful representation of the Verilog generated by the Chisel from
the user’s Scala description. There are two generations of Chisel,
commonly referred to as Chisel2 and Chisel3. Chisel provides both
software and hardware models from the same codebase. Chisel’s
software models can generate a fast, cycle-accurate RTL simulator
implemented in C++, which can be used for simple network design
exploration. Taking advantage of Chisel’s hardware model tools, the
TPNoC structure allows the synthesis of interesting and important
network designs for the target ASIC flow or FPGA flow, resulting
in accurate power parameters and evaluation of cycle times that
software simulators cannot achieve.

In past years, the NoC generator has received much attention
from the research community. Tablel compares the features sup-
ported by existing NoC RTL generators and our proposed NoC gen-
erator TPNoC. OpenSmart [12] focused on proposing low latency
router NoC generators. The BSV variant OpenSMART supports ar-
bitrary topologies. However, We found that the open-source Chisel
variant of OpenSMART only provides support for fixed 2D Mesh
topologies and OpenSMART does not implement any real protocol
bridge for plug-and-play use. OpenSoC Fabric [7] provides an NoC
generator written in Chisel2, which supports 2-D mesh and flat-
tened butterfly networks of arbitrary size. OpenSoC Fabric claims
to be based on the AXI-Lite bus standard for easy connection to
ARM and ARM-compatible devices. However, the content of this
part of the latest open-source code has been commented on, and
there is no specific protocol bridge implementation. EAGEN [17] is
a NoC generator written in Chisel3 focusing on proposing a config-
uration recommendation algorithm that can train models to predict

better architectural configurations, without considering the feasi-
bility of design and verification. Constellation [18] integrated into
Chipyard SoC design framework that allows system-wide explo-
ration of heterogeneous SoC architectures with irregular memory
structures. Chipyard is a huge chip design framework, which brings
extremely high learning costs to Constellation. These NoC genera-
tors allow the configuration of many microarchitectural parameters
and generate microarchitectural designs that can be used to simu-
late performance and synthesize area and power estimates. The key
challenge of these open-source NoC generators is not functional
enough that they cannot meet the need for flexible topology re-
configuration, efficient microarchitecture parameters setting, and
plug-and-play use of NoC designs.

To address these limitations, we propose a NoC generator frame-
work with parameterization, verification, evaluation, and RTL gen-
eration stage. Architects can use TPNoC for efficient design space
exploration, reducing the cost of design and verification. At the
same time, the TPNoC framework has an optional protocol bridge
module that can reuse existing IP cores in a plug-and-play manner.
We plan to make the TPNoC open-source.

The remainder of the paper is organized as follows: Section 2 is
the overview of TPNoC design. Section 3 describes the parameteri-
zation stage of TPNoC, which contains the design details of TPNoC.
Section 4 describes the system-level verification and performance
evaluation stage. Section 5 shows an example of the RTL stage.
Finally, Section 6 concludes the paper.

2 TPNOC DESIGN OVERVIEW

The goal of TPNoC is to serve as a NoC design tool that allows
architects to efficiently tune topology and microarchitectural pa-
rameters to generate plug-and-play interconnect communication
networks. TPNoC takes the "microarchitecture parameters, topol-
ogy and protocols used by IP" as the configuration input, and the
output of TPNoC is NoC RTL configured by the user in the form
of Chisel or Verilog. The TPNoC framework is divided into three
stages: parametrization, verification and performance evaluation,
and RTL Generator which is depicted in Figure 1.
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The NoC parameterization stage is orthogonalized into three
parts.

o The topology setup part decouples the specification of the
physical NoC and the routing algorithms. Different topology
settings match different routing policies and router degrees.

o The microarchitecture parameter setting part will check the
rationality of the architect configuration parameters.

e The network interface part is to generate the correspond-
ing protocol bridge according to the configuration of the
architect.

The verification and evaluation stage generates a tester and per-
formance results that are used for verification and the performance
evaluation of the configured NoC.

The RTL generation stage will take the validated parameters to
generate a complete RTL for the configured design.

3 PARAMETERIZATION STAGE

The parameterization stage contains the TPNoC design details. This
section introduces the details of TPNoC design from the three parts
included in the TPNoC parameterization stage.

3.1 Topology Setting

For NoC designs, topology is the first and one of the most impor-
tant design decisions because it has a significant impact on overall
system performance. Topology determines the number of hops (or
routers) a message traverses and the length of the interconnection
between hops, which can significantly affect network latency. Since
energy is consumed by traversing routers and links, the effect of
topology on hop count directly affects energy consumption. In the
traditional NoC process, once the topology type is determined, it is
very difficult to modify it.

TPNoC utilizes Chisel’s design language features to achieve the
purpose of flexibly configuring topology types. We consider that
different topologies require routers to have different numbers of
ports and use different routing algorithms. We integrate the param-
eters affected by the topology into the singleton object provided by
the Chisel3 language. As the result, the corresponding parameters
under the topology configuration class will be called after the user
enters a specific topology type, which will affect the number of
router ports, the name of the routing algorithm module used to
avoid routing deadlock, the number of routers, etc. Figure 2 shows
the topology configuration code in Chisel3. If the architect selects
the Mesh parameter in the configuration file, TPNoC will call the
MeshConnectConfig object as shown in Figure 3 for parameter
configuration.

val ConnectConfigs = (
topology match { //i is meshsize (ixi=mesh router nums) , j is ring router nums
case "Mesh" => new Configs(MeshConnectConfig(i))
case "Ring" => new Configs(RingConnectConfig(j))
case "RingWithMesh" => new Configs(HybirdConnectConfig(i,j))
b

Figure 2: Topology config.

Extensive research shows that most many-core DNN accelerators
use mesh, ring, or ringwithmesh topologies [4][5][14][8], which
proves that these topologies satisfy most NoC design requirements
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object MeshConnectConfig {

def apply(i:Int) = Map(

"Topology" -> "Mesh",
"NUM_USER_SEND_PORTS" -> ixi,// sender
"NUM_USER_RECV_PORTS" -> ixi,//receiver

"NUM_vCS" -> 3,//Virtual channel number
"FLIT_DATA_WIDTH" -> 32,//flit data width
"FLIT_BUFFER_DEPTH" -> 6, //flit buffer depth

"MeshDirSize" -> 5, //=mesh router degrees
"RouterNUM" -> ixi,
"RouteAlgo” -> "XY"
)
}

//router number

//routing algorithm
Figure 3: MeshConnectConfig example.

for many-core DNN accelerators. TPNoC takes these three topolo-
gies as the main targets for reconfiguration. Due to the modularity
of the TPNoC design, architects can mimic existing topologies to
add other types of topological configurations. For example, the
architect can imitate the mesh topology to write a torus topology,
directly add the Torus parameter in ConnectConfigs, and define
the corresponding topology connection object TorusConnectCon-
fig by imitating the MeshConnectConfig object, which contains
parameters such as the routing algorithm to call, router port pa-
rameters, etc. Due to the similarity between the torus and the mesh
topology, it is also possible to directly call the X-Y routing algorithm
module to avoid routing deadlock. If other routing algorithms are
needed, the architect can write the routing algorithm required by
the custom topology and imitate the existing X-Y routing algorithm
module calling method to call the custom routing algorithm and test
its correctness through the subsequent verification and evaluation
stage.

3.2 Microarchitecture parameterization and
modularity

3.2.1 Microarchitectures Parameter Setting. TPNoC has a wealth of
user-tunable micro-parameters, which allows architects to quickly
start building NoCs with different configurations to generate the
myriad NoC microarchitectures required for specific scenarios and
the NoC design space exploration, rather than designing NoCs from
scratch. TPNoC configuration parameters consist of two parts, IP
protocol bridge parameters, and NoC microarchitecture parameters,
as shown in Figure 4.

Configuration
Options

Protocol NoC Micro
Bridge Parameters
ra ~

Sendports_Numbers
Receiveports_Numbers
Router_Numbers
VC_Numbers
MasterDevice_Numbers
SlaveDevice_Numbers
Flit_Buffer_Depth
Flit_Data_Width
Dest_ID
Src_ID
etc.

AXI_AddressWidth
AXI_DataWidth
AXI_IDWidth
etc.

Figure 4: Configuration parameters.
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3.2.2  Microarchitectures Modularity. We modularize the code struc-
ture of TPNoC to facilitate the adjustment and replacement of TP-
NoC modules to make the generated NoC perform better. The fun-
damental router of TPNoC is a state-of-the-art router with virtual
channel flow control. The routers consist of input and output mod-
ules and have a latency of 2 cycles. The design of our router merges
the traditional five-stage pipeline into the two-stage pipeline. Route
Computation, virtual channel allocation, and switch allocation are
integrated into the input module, and switch traversal and link
traversal are integrated into the output module.

Input Module. Each input module consists of a data path module
and a replaceable routing algorithm module. The schematic diagram
of the input module is shown in Figure 5.

o Input datapath module: Each input datapath module has a
configurable number of virtual channels (VCs) that architects
can quickly adjust in configuration files. There are three
flit types, head flit, data flit, and tail flit. A routing table is
maintained in the data path module. For each packet, only the
head flit is sent to the routing module for routing direction
calculations. When the routing path is turned on, the routing
path is recorded and locked. Subsequent flits follow the head
flit path walks which speed up the routing of subsequent flits
routing, and the path will not be released until the datapath
module receives the tail flit of the packet. If VC is full, the
module set the corresponding ready interface signal down,
creating back pressure on the connection.

Routing algorithm module: TPNoC supports two dimension
order routing (DOR) algorithms - XY / YX for a mesh topol-
ogy to avoid routing deadlock. In the XY / YX routing module,
the routing algorithm module calculates the routing direc-
tion according to the head flit information. Each time the
head flit arrives, the routing algorithm module will compare
the router’s address with the target address stored in the
header flit, and determine the direction of the next hop de-
pending on the routing algorithm we choose. For irregular
topologies, we provide support up-down routing algorithm
[13] in the irregular topology algorithm. We enforce strict or-
dering of nodes in the network by marking the links towards
the root node as up, those away as down, and arbitrarily
tagging the equidistant ones. By disallowing turns from a
down-link to an up-link, all circular dependencies in the
network are broken to avoid routing deadlocks.

o hitow
Valid -
Ready | _Rityvalid [ virtual [ | Flit} valid Head flit
L_Rea Channel Rbady infomation
lock path Routing Output Port
wald Jogic veid Algorithm [~

Module

Figure 5: Schematic diagram of the input module.

Output module. The schematic diagram of the output module is
shown in Figure 6. Since each output port may receive packets from
other input ports of the router and has only one physical output
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link, the arbitration mechanism is essential. The basic arbitration
mechanism used in the design is round-robin arbitration (RRA),
which ensures that each input port data has the same probability to
obtain the right to use the output port. VCs with the same priority
from other input ports are the inputs to the RRA.

F Flit Out

kirouter degree/router port number
n:Virtual channel number

Dirl flit data | Valid_dir 1
Dir2_flit_data

High_Prior_Arbiter/
Round_Robin_Arbiter

Dir(k-1)_flit data

Figure 6: Schematic diagram of the output module.

Table 2: Packet and Flit format

Packet Field Data width Flit Field Data width
None None Is head flit 1
None None Is tali flit 1
VeID log2(virtual channel numbers) VeID log2(virtual channel numbers)
DestiD Tog2(receiver numbers) DestiD Tog2(receiver numbers)
SrcID log2(sender numbers) SrcID Tog2(sender numbers)
Packet Payload uncertain Flit payload defined flit data width

3.3 Network Interface

To provide interconnection for IPs using different protocols, TP-
NoC was designed to be protocol-independent by exposing a min-
imal packet interface at the endpoints. The format of TPNoC’s
customized data packet and flit is shown in the table 2.

AXI4 Bridge Module. There are several widely used on-chip com-
munication standards in today’s SoCs. Since the Advanced eXten-
sible Interface 4.0 (AXI4) protocol is widely used at present, we
have designed a bridge for the AXI4/AXI4-lit protocol. The primary
function of the protocol bridge is to convert standard high-level
protocol messages into simple packet formats in TPNoC. Each IP is
connected to a router as a master node or a slave node and com-
municates with each other through transactions. For example, the
AXI4 bridge for master IP first converts 5 channels into 5 pack-
ets and then converts the 5 AXI4[-Lite] channels into packets in
3 virtual channels (aw/ar channel to a-packet in VC 2, w channel
to w-packet in VC 1, and b/r channel to br packets in VC 0). Each
router is assigned a node ID that maps the address space of the con-
nected IP. According to the information of the address channel, the
bridge assigns a value to the destination node ID (DestID) or source
node ID (SrcID) field. All other fields in the protocol message are
packed in the payload field. To ensure no deadlock in the protocol,
non-blocking between channels needs to be satisfied. By default,
multiple channels are multiplexed onto the same routing resource
using a round-robin arbiter. The configuration options of the bridge
types currently supported by TPNoC are shown in Figure 7. Similar
to the configurable process of the topology, the user inputs differ-
ent bridge type parameters that will make the NoC generated by
TPNoC call different bridges. The choice of protocol bridge type is
a configurable option so that other types of protocol bridges can be
written in the future to support on-chip interconnects of IP using
other types of protocols.
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new NetworkConfigs(
new Configs(
protocol match {

case "AXI4-Lite" => AXI4LiteWrapperConfig(ConnectConfigs)

case "AXI4" => AXI4WrapperConfig(ConnectConfigs)
case "Simple" => SimpleWrapperConfig(ConnectConfigs)
case _ => AXI4WrapperConfig(ConnectConfigs)

)

Figure 7: Protocol bridge config,.

Packer/Unpacker Module. Since the packet sent by the AXI4 chan-
nel does not match the defined flit size in the TPNoC {lit format, the
network interface needs to split the packets into small data flits or
reassemble the flits into packets when sending or receiving the data.
The Unpacker module splits the packet into head flit/ tail flit/data
flit; The packer module accepts flits from the NoC and assembles
them into data packets.

4 VERIFICATION AND EVALUATION PHASE

4.1 Verification: System Tester

The TPNoC tester is built based on the test framework chiseltest pro-
vided by the Chisel3 project, and the verilator simulator was called
by default. The tester of TPNoC has external IP cores models which
default use the AXI4 protocol and simulate its behavior of reading
and writing data to test the correctness of TPNoC-generated NoCs
with the protocol bridge. The master IP core will write a random
number to the write data channel of AXI4. Finally, we connect the
IP core device and the TPNoC-generated NoC with AXI4 bridge to
observe whether the data is sent and received normally.

To demonstrate the testing process, we generate a NoC platform
with a 44 mesh topology and the AXI4 protocol bridge after the
parameterization stage. A schematic diagram of a test instance is
shown in Figure 8. We put master IP core 0 on router0, master IP
core 1 on routerl, slave IP core 0 on router15, and slave IP core 1 on
router8. We placed these positions to verify the correctness of the
routing algorithm, the maximum transmission delay of the network,
and the parallelism of data packets in the case of a 16-core mesh
topology. To verify the correctness of system data transmission,
we make the master IP core 0/1 model write random data to slave
IP core 0/1, and observe whether slave IP core 0/1 successfully
receives the data packets sent by the master IP core and whether
the response packet of slave cores will be sent successfully to master
IP cores.

The verification result is shown in Figure 9. When the clock cycle
is 0, the master IP core 0 writes 15 to the write address (aw) channel
and forms an "aw" packet. In the next clock cycle, it writes a random
number to the write data (w) channel and forms a “w” packet. At
the same time, the master IP core 1 writes 8 to the "aw" channel
and forms the "aw" packet. In the next clock cycle, writes a random
number to the "w" channel and form the "w" packet. In 13 cycles,
the slave IP core 0 connected to router 15 successfully received the
address packet from the master IP core 0. what’s more, the slave IP
core 0 successfully forms the corresponding response data packets
(br packet). At 27 cycles, the master IP core 0 successfully receives
the br packet sent back from slave IP core 0. At the same time, the
data packet transmission between the master IP core 1 and the slave
IP core 1 is also in progress.
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Figure 8: A system-level validation experiment overview.

 Tosts passed: 1
Elaborating design...
Done elaborating.
Cycle : [Master IP core 0] a_packet send,address packet = 15

Cycle : [Master IP core 1] a_packet send,address packet = 8

Cycle : [Master IP core 0] w_packet send,w packet = 12297829382473034410

Cycle : [Master IP core 1] w_packet send,w packet = 12297829382473034410

Cycle 10: [Slave IP core 8] a_packet receive,aw packet= 8

Cycle 12: [Slave IP core 8] w_packet receive,w packet=12297829382473034410

Cycle 13: [Slave IP core 8] br_packet send, br packet=236042766279756346361380866

Cycle 13: [Slave IP core 15] a_packet receive,aw packet= 15

cycle 15: [Slave IP core 15] w_packet receive,w packet=12297829382473034410

Cycle 16: [Slave IP core 15] br_packet send, br packet=233889367163567788143935490

Cycle 21: [Master IP core 1] br_packet receive,b pakcet = 236042766279756346361380866

Ccycle 27: [Master IP core 0] br_packet receive,b pakcet = 233889367163567788143935490

Figure 9: Validation result.

4.2 Evaluation Harness: Throughput and
Latency

The evaluation stage of TPNoC is a test platform, which can inject
flits from each IP port at a user-specified rate under a uniform
random traffic pattern to gain the network latency and throughput
metrics of the TPNoC-generated NoC to evaluate the performance.
The network latency result is calculated by calculating the cycle
numbers from ingress NI to egress NI. To compare the throughput,
we define the average router utilization as the busy time of each
router (flit/cycle/router) to reflect the throughput (flit/node/cycle).
The router utilization is measured using a probe module that collects
the router’s average busy cycle numbers.

To demonstrate the evaluation process, we inject a total of 1024
packets of length 4-flit onto TPNoC-generated NoCs of different
sizes in an example test experiment. The size of the NoC generated
by TPNoC can be changed quickly in the configuration file. The
output is the average latency and router utilization at the corre-
sponding injection rate. For comparison, we implemented the same
simulation in the OpenSoC project, extracting network latency re-
sults and average router utilization. Figure 10 shows the average
latency and utilization results generated by OpenSoC and TPNoC
NoC at 2*2 and 4*4 sizes. As the figure shows, TPNoC reduces net-
work latency by an average of 0.604 compared to OpenSoC when
the mesh network size is small. As the injection rate increases, the
routing utilization of TPNoC and OpenSoC shows an upward trend,
and as the network size increases from 2*2 to 44, the average delay
gap between the two narrows, while the delay of TPNoC is still
smaller than that of OpenSoC, and the utilization rate of TPNoC is
still higher than that of OpenSoC. The results show that the TPNoC
design can be scaled up easily while maintaining performance in
terms of throughput and latency.
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Figure 10: Network latency and utilization results.

5 RTL GENERATION STAGE

When the user’s design passed the first two stages, the RTL genera-
tion stage can obtain the power consumption or area information
of the NoC according to the FPGA flow or ASIC flow. To demon-
strate the RTL generation stage, we generated a 4*4 grid NoC RTL,
an 8-node ring NoC RTL and a ring (4) grid (2) NoC through the
TPNoC parameterization stage and the test evaluation stage, and
passed the generated RTL to Xilinx Vivado design flow. Figure 11
shows the layout result.

(a) ring8

(b) mesh4*4 (c) ring(4)mesh(2)

Figure 11: FPGA floorplan results.

6 CONCLUSIONS

In this paper, we proposed TPNoC which is an efficient topology
reconfigurable NoC generator with plug play capability framework.
Topology reconfigurable, and modular parametric design enables
building NoCs from TPNoC for multi/many-core SoC to be much
less work than building from scratch. Through parameters, verifica-
tion evaluation, and RTL generation stages, TPNoC has the ability
to significantly reduce the cost of building NoC systems.
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