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Abstract—Modern many-core systems use Networks-on-Chip
(NoCs) to move data around their cores. As the number of cores
increases, the overall performance becomes highly sensitive to the
NoC performance. Research and development of NoCs thus play
a key role in designing future systems with hundreds to thousands
of cores. However, current methodologies for evaluating NoCs are
not scalable with respect to the system complexity. Conventional
software simulators are too slow for evaluating middle- and largescale NoCs. Recent FPGA-based emulators provide promising
emulation speedups over software simulators. However, emulating large-scale NoCs with hundreds to thousands of nodes on
FPGAs is a challenging problem because of the FPGA capacity
constraints. Moreover, supporting trace-driven emulation is not
trivial because trace data must be stored outside of the FPGA
(usually in off-chip DRAM). Most of the existing FPGA-based
NoC emulators rely on soft processors like Microblaze or hard
processors on SoC FPGAs for loading trace data from the offchip memory, generating messages, injecting the messages to the
target NoC, manipulating the emulation, and making sure that
there is no timing error. This approach makes the implementation
easy but drastically degrades the emulation speed. This paper
proposes an effective architecture for trace-driven emulation of
NoCs on FPGAs. We present methods to scale to large NoCs
and effectively hide the off-chip memory access latency. Our
evaluation results show that (1) the proposal achieves a speedup
of 260× compared to BookSim, one of the most widely used NoC
simulators, when emulating an 8×8 NoC with trace data collected
from full-system simulation of the PARSEC benchmark suite;
and (2) the speedup is increased to three orders of magnitude
when emulating a 64×64 NoC.

I. I NTRODUCTION
Networks-on-Chip (NoCs) are the critical components of
modern many-core systems. They are proposed to replace
traditional interconnects such as buses and crossbars that have
been widely used in systems with a small number of cores. As
the core count increases, designing NoCs to meet requirements
in various aspects such as communication bandwidth and
latency becomes an intrinsically important issue.
Traditionally, NoC designers rely on simulation to test their
ideas and make design decisions. Existing simulation methodologies can be classified into three categories [1]: executiondriven simulation, simulation with synthetic workloads, and
trace-driven simulation.
The execution-driven simulation approach gives the highest
degree of accuracy but has three major drawbacks. First,
developing and controlling full-system simulators that support execution-driven simulations is difficult because of the
involvement of processing elements and memory modules.
Second, the simulation speed is generally very slow, especially

for complicated and large designs. Third, it is hard to identify
bottlenecks in the simulated NoC because any design change
affects not only the NoC itself but also the workload.
Due to the above reasons, two approaches, simulation
with synthetic workloads and trace-driven simulation, have
been commonly used in the evaluation of NoCs. Synthetic
workloads capture the salient features of the execution-driven
workloads while remaining flexible. However, because of the
high level of abstraction, in many cases, the simulation results
may not reveal the characteristics of the NoC under the
intended applications. This motivates the use of the tracedriven simulation approach in which a NoC simulator replays
a sequence of messages captured from either a working system
or an execution-driven simulation.
Most of the existing NoC evaluation environments are
software-based simulators. Some of the most popular ones
include BookSim [2], GARNET [3], and Noxim [4]. Despite
being much faster than full-system simulators like gem5 [5],
these systems are still too slow to simulate middle- and largescale NoCs in practical time. For instance, our evaluation
results show that the speed of BookSim is around 40K–80K
simulation cycles per second when simulating an 8×8 NoC
and is reduced to just 50–180 simulation cycles per second
when simulating a 64×64 NoC. At this speed, running a
trace-driven simulation would take an excessive amount of
time because the length of a meaningful trace is typically
over billions of cycles and often increases with increasing the
network size. Existing parallelization techniques can be used
to improve the simulation speed but only to a very limited
degree because of the high synchronization cost caused by the
communication-intensive nature of NoCs [6].
To address the simulation speed problem, some FPGAbased NoC emulators have been proposed [7]–[14]. A problem
of the FPGA-based approach is that the FPGA capacity constraints restrict the maximum NoC size that can be emulated.
For instance, the largest NoC sizes that can be emulated by
DRNoC [15], AcENoCs [8], and DART [10] are 4×4, 5×5,
and 9×9, respectively. Wolkotte et al. [7], Papamichael [9],
Chu et al. [11], [13], and Kamali et al. [12], [14] use a
technique called Time-Division Multiplexing (TDM) to scale
to larger networks. In this technique, a network is emulated
using a small number of nodes, and hence the amount of
required FPGA resources is reduced. As a result, two state-ofthe-art emulators, DuCNoC [14] and FNoC [13], can support
emulation of NoCs with up to thousands of nodes. DuCNoC

can emulate an 8,196-node NoC but the emulation speed
decreases dramatically with respect to the NoC size. Specifically, the authors of DuCNoC report a speedup of 66× over
BookSim when emulating a 512-node NoC using 16 nodes;
however, the speedup is reduced to just 3× when the NoC
size is 8,192-node. This is because DuCNoC is designed on a
SoC FPGA and it relies on the ARM processors of the SoC to
generate traffic workloads and manipulate the emulation. On
the other hand, FNoC is not based on dedicated hardware and
does not rely on soft or hard processors. FNoC can emulate
a 16,384-node NoC at a speedup of 5,047× over BookSim.
However, FNoC does not support trace-driven emulation.
Besides the necessity of emulation with workloads created
from realistic applications’ trace data, it is crucial for an
FPGA-based NoC emulator to support trace-driven emulation
due to the following reason. Some synthetic workloads, especially those based on complex but effective synthetic workload
generation methodologies like Synfull [16], are difficult to
model on FPGAs because they require complicated probability
density functions and modulo, multiplication, division, and
exponent operations. Even it is feasible to implement these
functions and operations on FPGAs, it is likely that the operating frequency of the emulator drops substantially. Therefore,
if the emulator supports trace-driven emulation, developing a
software tool to generate trace data based on the descriptions
of the complex synthetic workloads and then using the tracedriven emulation mode of the emulator would be a better
approach.
It is difficult to effectively support trace-driven NoC emulation on FPGAs because trace data are often much larger than
the total capacity of FPGA on-chip memory and thus must be
stored in off-chip memory. Most of the existing FPGA-based
NoC emulators simplify the control of loading trace data from
the off-chip memory, generating messages based on the loaded
trace data, and injecting the messages to the NoC by using
soft processors like Microblaze or hard processors on SoC
FPGAs. AcENoCs [8] and AdapNoC [12] use two Microblaze
soft processors to be able to alleviate the off-chip memory
access time. Specifically, one processor is responsible for
loading trace data while the other is responding for generating
and injecting messages to the NoC. In this way, the trace
load operation is overlapped with the message generation and
injection operations, and therefore, the effect of the off-chip
memory access time is reduced. DuCNoC [14] also adopts
this approach but uses two ARM processors on the SoC
FPGA instead of the Microblaze soft processors. As mentioned
before, while using processors makes the implementation easy,
it significantly degrades the emulation speed. To speed up the
emulation of large-scale NoCs, a new approach is required.
In this paper, we adopt the TDM scheme introduced by Chu
et al. in [13] and propose an effective architecture for speeding
up trace-driven emulation of NoCs with up to thousands of
nodes on FPGAs. The proposed architecture helps to virtually
eliminate the negative effect of the off-chip memory on the
emulation performance and allows the emulator to operate at
a high frequency. We make the following major contributions.
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Fig. 1: Proposed traffic generator architecture.

1) Most of the existing FPGA-based NoC emulators rely on
soft or hard processors to support trace-driven emulation.
Because of this, their emulation speeds are limited,
especially when the target NoC is large. We propose an
effective architecture which does not include processors
for speeding up trace-driven emulation of NoCs with up
to thousands of nodes.
2) We introduce some methods to effectively hide the offchip memory access time and improve the scalability
of the emulation architecture in terms of operating
frequency and FPGA resource requirements.
3) We implement a NoC emulator using the proposed architecture on a Virtex-7 FPGA. The evaluation results show
that our NoC emulator is 260× faster than BookSim [2]
when emulating an 8×8 NoC with trace data collected
from full-system simulation of the PARSEC benchmark
suite [17]; and the speedup is increased to 5,106× when
emulating a 64×64 NoC with trace data created based
on the uniform random traffic.
II. BACKGROUND
In this section, we first explain our emulation model. After
that, we briefly describe the TDM scheme used by FNoC [13],
which we adopt to support emulation of large-scale NoCs.
A. Emulation Model
Except the modules dedicated to supporting trace-driven
emulation which will be explained in Section III, there are
three basic components in our emulation model: router, traffic
generator, and traffic receptor. In two-dimensional NoCs which
we focus in this paper, each node is modeled by a router, a
traffic generator, and a traffic receptor.
1) Router: We use the conventional input-queued pipelined
virtual channel (VC) router [1] with five pipeline stages
(routing computation, VC allocation, switch allocation, switch
traversal, and link traversal) as the primary router model because it is the baseline of most of the recently proposed ASICstyle NoC architectures. However, note that our proposed
methods are independent of the emulation target NoC router;
they can be integrated with FPGA-friendly routers like Hoplite
[18] as well.
2) Traffic Generator: Fig. 1 shows our traffic generator
architecture. The packet source gets trace data from a module called trace loader and sends back a control signal,
called invalidate, which will be described in detail in Section
III. We define a trace as a set of packet descriptors, each
encodes a message sent from one node to another in the
many-core system from which the trace was recorded. In
our implementation, a packet descriptor is 64-bit length and
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Fig. 2: FNoC’s TDM scheme [13].
composed of five fields: valid bit (1 bit), packet generation
timestamp (30 bits), source address (14 bits), destination
address (14 bits), and packet length (5 bits). These widths
limit the maximum number of emulation cycles, the largest
NoC size, the maximum number of packet lengths to 230 ,
214 , and 25 , respectively. However, this is not a fundamental
limitation; larger numbers of emulation cycles, NoC sizes,
and numbers of packet lengths can be supported with only
minor changes in the source code. The packet generation
timestamp, source/destination addresses, and packet length are
the information necessary for carrying out the trace-driven
emulation. Designers can add other information to the packet
descriptor structure for collecting their desired performance
characteristics of the emulated NoC.
When a valid packet descriptor arrives at a traffic generator,
the packet source stores it into a FIFO buffer called source
queue. When the network is ready, the flit generator reads
a packet descriptor from the source queue and compares the
encoded packet generation timestamp with the current time of
the emulation to check whether it is time to generate a packet
and inject it into the network. A packet can be injected into
the network when its generation timestamp is smaller than the
current time of the network. The flit generator tracks the status
of the network based on the incoming flow control credits.
3) Traffic Receptor: When a packet arrives at its destination, it is forwarded to the traffic receptor. Here, the
desired performance characteristics such as packet latency are
collected. The traffic receptor is also responsible for sending
back flow control credits to the network.
B. FNoC’s TDM Scheme
Fig. 2 shows how the TDM technique is implemented in
FNoC [13]. A network is emulated using a small number of
interconnected nodes called physical cluster. A node in the
physical cluster is called a physical node. In each time slot, the
physical cluster processes a part of the network which is called
a logical cluster. The state of each logical cluster is stored in
one entry of the state memory. The physical cluster switches
from processing a logical cluster to processing another by

changing its state with the state data loaded from the state
memory. The in buffer and the out buffer are responsible for
storing communication data between logical clusters. FNoC
uses two FPGA cycles for processing each logical cluster. Let
Nphy be the number of physical nodes; then emulating each
cycle of a NoC with Nnode nodes costs 2Nnode /Nphy FPGA
cycles.
We adopt the above TDM scheme. The rules for creating the
TDM-based RTL code are described in the original work of
FNoC [11]. In our implementation, because the emulation may
be stalled when the speed of loading trace data from off-chip
memory cannot keep pace with the emulation speed, emulating
a cycle of a Nnode -node NoC using a cluster of Nphy physical
nodes may take more than 2Nnode /Nphy FPGA cycles.
III. P ROPOSED T RACE -D RIVEN E MULATION
A RCHITECTURE
Before going into details of the proposed architecture, we
describe how a trace is organized on a host PC before it is sent
to the FPGA side. As mentioned in Section II-A2, a trace is a
set of packet descriptors. The order of packet descriptors in a
trace is decided by first their source addresses and then their
packet generation timestamps. Let pts be the packet descriptor
with source address s and packet generation timestamp t. For
t2
t2
any two packet descriptors pt1
s1 and ps2 , if s1 < s2 then ps2 is
t1
behind ps1 ; in the case that the source addresses of the packet
descriptors are the same (s1 = s2), they are sorted by the
packet generation timestamps.
A. Architecture Overview
Fig. 3 shows the overview of the proposed trace-driven
emulation architecture on a Xilinx VC707 board in which we
use a 4GB DDR3 DRAM. The trace receiver is responsible for
receiving packet descriptors from a host PC and writing them
to the DRAM on the FPGA board. Packet descriptors with the
same source address are stored in a continuous region of the
DRAM and in the order of the packet generation timestamp.
The emulation starts when the trace receiver finishes writing
the whole trace data into the DRAM.
Since packet descriptor pts describes a packet generated by
node s, in the explanations below, we say that pts belongs to
s.
Each physical node in the physical cluster is connected
to a trace loader which is responsible for loading packet
descriptors belonging to the nodes processed by that physical
node. For example, in Fig. 2(a), because physical node 0 is
responsible for processing nodes 0, 1, 2, 3, 8, 9, 10, and 11
of the network, trace loader 0 will load packet descriptors
belonging to these nodes during the emulation. In Section
III-B, we will describe in detail how packet descriptors are
loaded.
In our current implementation, the DRAM controller returns
a block of 512 bits for each read request. Since the packet
descriptor size is 64 bits, a trace loader will get eight packet
descriptors after issuing a read request to the DRAM controller. Asynchronous FIFOs and the double flopping technique
are used for passing data between different clock domains.
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B. Trace Loader Architecture
Fig. 4 shows the datapath surrounding the trace loaders. In
a trace loader, there are four memory modules: data, offset,
valid, and reqstatus. Each of these memories consists of Nlog
entries where Nlog is the number of logical clusters, each entry
for a node processed by the physical node which the trace data
loader is connected to. For example, in Fig. 2(a), we have two

physical nodes 0 and 1. Since physical node 1 processes nodes
4, 5, 6, 7, 12, 13, 14, and 15, trace loader 1 is responsible
for loading packet descriptors belonging to these nodes. In
trace loader 1, data[0], offset[0], valid[0], and reqstatus[0] are
for node 4; data[1], offset[1], valid[1], and reqstatus[1] are for
node 5; and so on.
Data: 512-bit-wide memory. Data stores packet descriptors
loaded from the DRAM.
Offset: x-bit-wide memory where x depends on the size of
the trace. Offset[i] stores a relative address which is used to
calculate the address for loading the next data[i]; the base
address is determined by the ID of the node that data[i],
offset[i], valid[i], and reqstatus[i] are for.
Valid: 1-bit-wide memory. Valid[i] indicates whether data[i]
is valid or not. Valid[i] is initialized with 0 and set to 1 each
time data[i] is filled. For the simplicity of description, below,
we assume that data[i], offset[i], valid[i], and reqstatus[i] are
for node s. In each emulation cycle, if valid[i] is 1 and the
source queue of the traffic generator in node s is not full, one
packet descriptor will be extracted from data[i] and put into
the source queue by the packet source (Fig. 1). In the packet
source, we maintain a counter to track the number of packet
descriptors that have been extracted from data[i]. When the
packet source extracts the eighth packet descriptor (the last
one) from data[i], this counter is reset. At the same time, an
invalidate request is issued to the trace loader to reset valid[i]
to zero.
ReqStatus: 1-bit-wide memory. In our implementation, a
trace loader is not blocked after issuing a read request to
the DRAM controller. Instead of waiting for data from the
DRAM controller, the trace loader continues to issue more
read requests if necessary and possible. In this way, the impact
of the DRAM access time on the emulation performance is
effectively reduced. ReqStatus is used to make sure that there
are no duplicate read requests. ReqStatus[i] indicates whether
a read request for data[i] has been issued to the DRAM
controller. ReqStatus[i] is set to 1 when the DRAM controller
accepts the read request for data[i] and reset to 0 when data[i]
is filled. The trace loader issues a read request for data[i] when
both valid[i] and reqstatus[i] are zero.
Both the data memory and the offset memory have only
one write port and one read port and can be efficiently
implemented using FPGA on-chip block RAMs (BRAMs).
However, this is not the case for the valid memory and the
reqstatus memory.
As described above, the valid memory has two write ports:
one for the DRAM controller side (update requests – active
when new packet descriptors arrive) and the other for the
physical node side (invalidate requests). It also has two read
ports: one for determining whether a read request should be
issued and the other is for determining the status of the packet
descriptors sent to the physical node.
The reqstatus memory has two write ports and one read
port. One of the write port is for updating when the DRAM
controller accepts the read request of the trace loader. The
other write port is for updating when new packet descriptors
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arrive. The read port is for determining whether a read request
should be issued to the DRAM controller.
Since valid and reqstatus are 1-bit-wide memories, it seems
that having multiple write ports and read ports is not a serious
problem. However, our experimental results show that the
FPGA resource requirements and the peak operating frequency
are significantly affected when their depth is high, that is, the
number of logical clusters Nlog is large. This makes it difficult
to support emulation of large-scale NoCs.
We propose a method to make it possible to implement
the valid memory and the reqstatus memory efficiently. Our
method is based on the following observations. In the valid
memory, it is not necessary to immediately process invalidate
requests from the physical node. An invalidate request can be
stalled for 2Nlog FPGA cycles, which is the time needed to
emulate one cycle of the network. When we stall an invalidate
request and all subsequent ones (if there are any), there are at
most Nlog −1 update requests from the DRAM controller side.
This is because a read request for data[i] is not issued until
valid[i] is invalidated (reset to 0). Therefore, we can reduce the
number of write ports of the valid memory from two to one
using the idea illustrated in Fig. 5. We store invalidate requests
from the physical node side in an Nlog -entry FIFO. Update
requests from the DRAM controller side are always serviced
immediately. When there is no update request, an invalidate
request is popped from the FIFO and serviced. Similarly, we
can also reduce the number of write ports of the reqstatus
memory to one. Since the valid memory is only 1-bit-wide,
we simply duplicate it to reduce the number of read ports
from two to one. Consequently, all memories in the proposed
architecture have only one write port and one read port, and
therefore, they can be implemented efficiently on FPGAs.
As shown in Fig. 4, the read requests of the trace loaders
are arbitrated by an Nphy :1 arbiter where Nphy is the number
of physical nodes of the physical cluster used to emulate the
network. Packet descriptors provided by the DRAM controller
are sent to the appropriate trace loaders based on the source
addresses encoded inside them.
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value used to update the time counter is the packet generation
timestamp of the packet descriptor. For the correctness, we
stall the emulation of the network when both of the following
two conditions hold: (1) the source queue is empty, and (2) the
time counter of the traffic generator is smaller than or equal to
the time counter of the network. This occurs when the DRAM
access speed is too slow compared to the emulation speed.
With the above approach, we allow the traffic generators to
run ahead of the network. This helps to minimize the impact
of stalling the network on the emulation performance (that
is, hiding the DRAM access latency). However, the source
queues may contain packet descriptors with packet generation
timestamps larger than the current time counter of the network.
To prevent incorrect emulation, we add some logic to make
sure that a packet descriptor is dequeued from the source
queue in which it is stored if and only if its packet generation
timestamp is smaller than the current time counter of the
network.
One problem that might arise when the above emulation
method is used is that the emulation might not be finished
successfully if the largest packet generation timestamp in a
node is smaller than the time to which we want to emulate. For
example, assume that we want to emulate a 10,000-cycle trace
and the largest packet generation timestamp in node 0 is 7,000.
At emulation cycle t (t > 7, 000) when the source queue in
node 0 becomes empty, according to the emulation method
explained above, the network is stalled since the time counter
of the traffic generator in node 0 is 7,000 and smaller than t.
If we do not provide any valid packet descriptors with packet
generation timestamp larger than t, the network will be stalled
forever. To deal with this problem, we append some dummy
packet descriptors with the largest possible packet generation
timestamp to the end of the trace of each node. The number of
appended dummy packet descriptors is set to L + 1 where L
is the source queue length to prevent the corresponding trace
loader from issuing unnecessary read requests to the DRAM
controller.
IV. E VALUATION

C. Emulation Methodology
We separate the time of the network from the times of
the traffic generators. Each traffic generator, as well as the
network, has its own time counter.
The time counter of a traffic generator is updated each time
the traffic generator gets a packet descriptor from the corresponding trace loader and puts it into the source queue. The

Using the proposed architecture, we build a NoC emulator
on a Xilinx VC707 board. Vivado 2017.4 is used for synthesizing, implementing, and generating FPGA bitstream files.
Table I shows the parameters of the NoCs evaluated in this
paper. We implement two routing algorithms: the dimensionorder routing algorithm (denoted by XY) and a minimal
adaptive routing algorithm based on the odd-even turn model

Average Packet Latency (cycles)

TABLE II: FPGA resource requirements and operating frequencies when emulating different NoC sizes using a cluster
of 16 nodes (4×4)
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Fig. 6: Results obtained when emulating an 8×8 NoC (the
parameters is shown in Table I) with the PARSEC traces.
(denoted by odd-even) [20]. In the odd-even routing algorithm,
when there are two available output ports, we select the port
with more free VCs. The flit size depends on the routing
algorithm used and the number of VCs per port. When the
routing algorithm and the number of VCs per port are XY and
two, respectively, the flit size is 30-bit. Increasing the number
of VCs per port to four requires a flit size of 31-bit. Changing
the routing algorithm from XY to odd-even adds one more bit
to the flit structure.
We use the trace data of the PARSEC benchmark suite
[17] collected by Hestness et al. [21] for evaluating the
implemented 8×8 NoC. In these trace data, the packet length
varies between 2-flit and 18-flit. In each trace, we focus on the
region which represents the parallel portion of the application.
To evaluate NoCs larger than 8×8, we create trace data of
synthetic workloads.
A. Correctness
We verify the correctness of the implemented NoC emulator
by running extensive emulations with the PARSEC traces
and various traces created based on synthetic workloads. We
confirmed that our implemented NoC emulator and BookSim
reported exactly the same results in every case. This indicates
that our NoC models are totally identical to those of BookSim.
Fig. 6(a) shows the average packet latencies obtained when
emulating an 8×8 NoC (the parameters is shown in Table I;

the routing algorithm, number of VCs per port, flit size are XY,
2, and 30-bit, respectively) with the PARSEC traces. For each
trace, the latency data are collected over 20 million warm-up
cycles and 20 million measurement cycles. We can see that
applications like x264, ferret, and dedup exhibit high average
packet latencies. This is because they have a high degree of
data sharing and data exchange during the executions.
Fig. 6(b) shows how the average packet latency can be
reduced when increasing the number of VCs per port from 2 to
4 (4vc-xy) and using the odd-even routing algorithm (4vc-oe).
The figure shows that increasing the number of VCs helps to
reduce an average of 8.61% packet latency. However, changing
the routing algorithm from XY to odd-even has only a slight
impact.
B. Resource Requirements and Scalability
Table II shows the FPGA resource requirements and operating frequencies when emulating different NoC sizes using
a physical cluster of 16 nodes (4×4). The 8×8 NoC here is
the one evaluated in Fig. 6(a). The other NoCs have the same
parameters as the 8×8 NoC except for the network size.
We can see that the numbers of required LUTs and registers
are almost the same in every case. Emulating a larger NoC
only requires more BRAMs. The size of each BRAM is fixed.
When the emulated NoC is small, many occupied BRAMs are
underutilized. This is the reason why the number of required
BRAMs does not change when increasing the NoC size from
8×8 to 32×32.
The above result indicates that the scalability of the proposed architecture depends on only the total capacity of
BRAMs on the FPGA used. Larger NoCs can be supported
by using an FPGA with more BRAMs.
As shown in Table II, the proposed architecture can operate
at very high frequencies, 130 MHz when the emulated NoC
size is 8×8 and 16×16 and 120 MHz in the other cases. This
helps to improve the emulation performance.
Next, we evaluate the impact of the method for efficiently
implementing the valid and reqstatus memories described in
Section III-B on the overall FPGA resource requirements and
operating frequency. Fig. 7 shows that, when the emulated
NoC is small, there is almost no difference between using
and not using the proposed method. However, as the NoC
size increases, the effectiveness of the proposed method is
clearly established. When emulating the 128×64 NoC, the
naı̈ve approach of using the valid and reqstatus memories with
multiple write ports and read ports requires 49.2% of FPGA
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physical cluster size used is 4×4.

slices. In contrast, the proposed method requires only 31.4%
FPGA slices, which is almost the same as when emulating
the 8×8 NoC. The proposed method also helps to improve
the operating frequency.
C. Emulation Performance
We first propose a performance model for our NoC emulator. Let Nnode , Nphy , and Nlog be the number of nodes of the
emulated NoC, the physical cluster size (the number of physical nodes), and the number of logical clusters, respectively;
then Nnode = Nphy × Nlog . We define α (0 < α ≤ 1) as a
coefficient reflecting the impact of DRAM on the emulation
speed. α = 1 means that the DRAM access latency is
completely hidden. α is smaller than 1 when the network
is stalled during the emulation as described in Section III-C.
Since two FPGA cycles are used for emulating each logical
cluster, the emulation speed S (emulation cycles per second)
is given by
S =α×

F
F
=α×
,
2 × Nlog
2 × NNnode
phy

where F is the operating frequency (Hz) of the emulator.

(1)

Fig. 8 shows the speed of our emulator when emulating the
8×8 NoC which is evaluated in Fig. 6(a) with the PARSEC
traces. The physical cluster size used here is 4×4, and the
emulator operates at a frequency of 130 MHz. We also make a
comparison with BookSim which is run on a Core i7 4770 PC.
We observe that the speed of our emulator is almost constant at
around 16,250K emulation cycles per second in every case. In
contrast, BookSim’s speed varies with the applications. This
is because each application features a different traffic load
and it is widely known that BookSim’s speed decreases with
increasing traffic load [10], [13]. Consequently, the speedup
of our emulator over BookSim varies with the applications.
The average (geomean) speedup is 260×.
To the best of our knowledge, there does not exist any traces
of realistic applications for emulation of large-scale NoCs with
thousands of nodes. Since creating such traces is not trivial and
extremely time-consuming, we adopt the approach of using
traces created based on synthetic workloads to estimate the
speed of our emulator when emulating large-scale NoCs.
Fig. 9 shows the speed of our emulator when emulating the
64×64 NoC, which has the same parameters as the 8×8 NoC
evaluated in Fig. 6(a), with traces created based on the uniform
random traffic under different loads. The physical cluster size
used here is 8×4, and the emulator operates at a frequency
of 105 MHz. Similar to the evaluation result of the 8×8 NoC
above, the speed of our emulator is almost constant at around
410K emulation cycles per second in every case. The speedup
over BookSim ranges from 2,235× to 9,005× with the average
(geomean) of 5,106×.
Finally, we discuss the impact of DRAM on the emulation
speed, that is, the coefficient α in formula (1). For a given
trace, α depends on the length of the source queues in the
traffic generators, the operating frequency of the emulator, and
the emulated NoC. In all evaluations in this paper, the source
queue length is set to 2-entry. A higher operating frequency
will make α decrease because the pressure on the DRAM is
increased.

Our evaluation results show that, when emulating the 8×8
NoC, we always have α > 0.9999. Similarly, when emulating
the 64×64 NoC, α is always greater than 0.9997. Thanks to
the effective emulation architecture and methods proposed in
Section III, the negative impact of the DRAM access latency
is virtually eliminated.
D. Comparison with other FPGA-Based NoC Emulators
Among all emulators mentioned in Section I that support
trace-driven emulation, only DuCNoC [14] reports results
obtained when emulating a NoC with traces of realistic
applications and provides a comparison with a well-known
simulator which is also BookSim. The comparison results
show that DuCNoC tracks BookSim closely. However, the
differences are not zero. In contrast, the results reported by our
emulator are totally identical to those reported by BookSim.
Next, we compare the speed of our emulator with those
of DART [10], AdapNoC [12], FNoC [13], and DuCNoC
[14], the most recently proposed FPGA-based NoC emulators.
DART, AdapNoC, and DuCNoC support both emulation with
synthetic workloads and trace-driven emulation while FNoC
supports only emulation with synthetic workloads. The comparison here is not strictly quantitative but qualitative because
of the following reasons. First, the router architectures modeled by the emulators are not the same. Second, the emulators
are implemented on different FPGAs. Third, although DART,
AdapNoC, and DuCNoC support trace-driven emulation, they
only report the speeds of synthetic workload emulations.
When the emulated NoC size is 8×8, the emulation speed
ranges of DART, AdapNoC, and FNoC are around 5,500K–
16,000K, 30K–200K, and 11,580K–15,000K emulation cycles
per second, respectively. Although the largest NoC sizes that
can be emulated by DART and AdapNoC are 9×9 and 32×32,
respectively, the authors of these emulators do not provide any
results for NoCs larger than 8×8. On the contrary, the authors
of FNoC also report the results of large-scale NoCs. FNoC’s
speed varies from around 319K to around 391K emulation
cycles per second for a 64×64 NoC. DuCNoC’s speed for a
5×5 NoC varies from around 200K to around 375K emulation
cycles per second. For larger NoCs, the authors of DuCNoC
do not report the absolute emulation speeds but instead the
speedups compared to BookSim. As presented in Section IV-C,
the speed of our emulator when emulating an 8×8 NoC with
the PARSEC traces is 16,250K emulation cycles per second.
When the NoC size is increased to 64×64, the speed is reduced
to 410K emulation cycles per second.
V. C ONCLUSION
Trace-driven simulation is an effective approach for studying NoCs but may require an excessive amount of time,
especially when the target NoC size is large. We propose an
effective architecture for speeding up trace-driven emulation of
NoCs with up to thousands of nodes on FPGAs. We introduce
some methods to effectively hide the off-chip memory access
time and improve the scalability of the emulation architecture

in terms of operating frequency and FPGA resource requirements. We achieve a speedup of 260× compared to BookSim,
a widely used NoC simulator, when emulating an 8×8 NoC
with the PARSEC traces. The speedup is increased to 5,106×
when emulating a 64×64 NoC with trace data created based
on a synthetic workload.
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