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Abstract—Simulation of the RTL model is one of the first and 

mandatory steps of the design verification flow. Such a 
simulation needs to be repeated often due to the changing nature 
of the design in its early development stages and after consecutive 
bug fixing. Despite its relatively high level of abstraction, RTL 
simulation is a very time consuming process, often requiring 
nightly or week-long regression runs. In this work, we propose an 
original approach to accelerating RTL simulation that leverages 
parallelism offered by multi-core machines. However, in contrast 
to traditional, parallel distributed RTL simulation, the proposed 
method accelerates RTL simulation in temporal domain by 
dividing the entire simulation run into independent simulation 
slices, each to be run on a separate core. It is combined with fast 
simulation model at ESL level that provides the required initial 
state for each independent simulation slice. The paper describes 
the basic idea of the method and provides some initial 
experimental results showing its effectiveness in improving RTL 
simulation performance in an automated way. 

Keywords—Simulation; Verfication;  RTL; Verilog; ESL; C; 
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I.  INTRODUCTION 

A. Current Verification Trends 
According to Moore's law, density of hardware chips is 
doubling every 18 months. As the design size and complexity 
increase, the task of verifying a chip in 6-12 months becomes 
a challenge. Dramatic increase in simulation run time 
demanded by those designs, makes it harder to simulate and 
verify large designs. Today, simulation time has increased 
from minutes and hours to days and weeks. This has led to 
new verification trends. The use of hardware to assist 
simulation such as Field Programmable Gate Array (FPGA), 
Graphical Processing Unit (GPU) and custom hardware 
emulators has emerged. However, these hardware assisted 
simulators are limited in what they can simulate, are quite 
expensive, hard to set up, require partitioning of the design, 
have lengthy design compilation time and suffer from reduced 
signal controllability and observability making it harder to 
debug a design [1][5][13]. Companies designing Systems on a 
Chip (SoC) still use hardware assisted simulation because of 
time to market pressure but this approach is not viable for 
companies with limited budget [4]. 

B. Scope of Simulation 
Traditional hardware description language (HDL) 

simulation remains the most popular method of design 
verification, because of its ease of use, inexpensive computing 
platform, 100% signal controllability and observability [5]. 
Figure 1 shows simulation speed at various levels of 
abstraction, using gate-level timing model as a base line. Note 
how simulation of higher level model is at least 10x faster than 
the level below it. 

 

  
Figure 1. Simulation speed at various levels of abstraction 

 
It is clear from above description that simulation has its 

own special place in the design flow and it is not going away in 
the near future. RTL simulation is necessary to validate the 
translation from design intent specification or a higher level 
model (SystemC/C/C++) to RTL. The dominant technique 
used for functional and timing simulation is event-driven HDL 
simulation [5]. However, event-driven simulation suffers from 
very low performance because of its inherently sequential 
nature. As the design gets refined into lower levels of 
abstraction, and as more debugging features are added into the 
design, simulation time increases significantly.  This is caused 
by a large number of events at the gate level or layout level, 
enabling timing checks, assertions and disk access to dump 
simulation data. 
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C. Scope of this Work 
This work addresses performance improvement of event-

driven RTL simulation. Section 2 surveys parallel simulation 
approaches to improve simulation performance. Section 3 
introduces temporal RTL simulation. Experiments and results 
are presented in Section 4 and conclusions are stated in 
Section 5. Section 6 lists the references to the cited literature. 
Our contributions in this work span Sections 3 to 5. 

 

II. SURVEY OF PARALLEL SIMULATION 

A. Spatial Parallel Simulation (PDES) 
A common approach to distributed parallel simulation, 

termed as Parallel Discrete Event-driven Simulation (PDES) 
[6], partitions the design into two or more partitions and 
assigns each partition to a different processing unit, called 
Logical Processor (LP). Simulation correctness is ensured by 
preserving event ordering among LPs, which makes 
synchronization among LPs important. Factors that affect the 
performance of such distributed parallel simulation are: 
interconnect between LPs, load-balancing among LPs, and 
synchronization overhead. PDES has not been very successful 
as it failed to achieve meaningful performance improvement 
of HDL simulation, caused by issues such as design 
partitioning, synchronization, inter-module communication, 
and load balancing. 

 

B. Temporal Parallel Simulation (TPS) 
TPS partitions the simulation time in temporal domain as 

opposed to partitioning the design in spatial domain as is done 
by PDES. It partitions the simulation run time into shorter 
intervals in time domain, called slices. In principle, if 
simulation of each slice can be run independently of each 
other, this technique should provide speedup as it does not 
suffer from communication and synchronization overhead. 
However, it has its own problems, namely finding initial state 
of each slice. A  recently proposed parallel simulation method 
for gate-level simulations (functional and timing), MULTES 
(Multi-Level Temporal-Parallel Event Driven Simulation) [7], 
solves the initial state problem by finding state matching 
between the RTL (used for reference) and gate-level design 
(used for target simulation). However, state matching is a 
difficult problem for designs that are optimized, re-
synthesized and retimed. For this reason the method is mostly 
applicable to designs that did not undergo retiming during 
synthesis. 

 

C. Issues with Multi-core Simulators 
Recently commercial EDA (Electronic Design Automation) 

tool vendors [2][3] have introduced multi-core simulators that 
run on multi-core machines. Unfortunately, they have limited 
success because of high cost, communication and 
synchronization overhead mentioned earlier, inability to 
support Verilog PLI (Programming Language Interface), gate-
level timing and new SystemVerilog testbench features [7]. 

III. TEMPORAL PARALLEL RTL SIMULATION 

A. Preliminaries 
RTL simulation performance can be improved if 

dependencies in RTL simulation are removed somehow. We 
discuss two types of dependencies 

1. Time dependency: Before simulating the entire RTL 
design at a particular time t, the design must be 
simulated at all times from 0 to t-1. 

2. Spatial dependency: At a particular time t, one 
component of RTL design depends on the value from 
another component of the RTL design. 
 

In this paper, we concentrate on removing the time 
dependency in simulation of a design. Temporal parallel 
simulation (TPS) exploits time dependency while PDES 
exploits spatial dependency in the design. In TPS, simulation 
time intervals are made independent by pre-computing the 
initial state of each time interval. This allows TPS to achieve 
full parallelism by avoiding communication and 
synchronization overhead, which is inherent to PDES. To 
provide a correct initial state of each time interval (slice) for 
parallel RTL simulation, we follow the following two-step 
approach [7]. 

 
1. Reference Simulation: Simulation that provides initial 

state of each time slice in TPS. Normally, this 
simulation is fast as it uses a higher level model. 

2. Target Simulation: Simulation of a time slice that 
uses initial state provided by reference simulation. 
Normally, this simulation is slower compared to the 
reference simulation, as it is done on a lower level of 
abstraction than the reference simulation. 

 
 MULTES [7] applied TPS idea to speed up functional 

gate-level simulation by using fast RTL simulation as 
reference. The initial states were obtained from checkpoints 
saved during reference simulation and then restored for gate-
level target simulation. We extend this idea to RTL simulation 
and use a higher-level design model (often referred to as 
Electronic System Level, ESL) as reference for RTL 
simulation. The basic idea of TPS at RTL is illustrated in 
Figure 2, which shows fast reference simulation to provide the 
initial state of each slice for the target RTL simulation. In this 
work we compute the initial states for the RTL simulation 
slices using SystemC or C. The computation of the initial state 
is done “on the fly”, when needed by the RTL simulation, 
rather than dumping and restoring state as proposed in [7]. 
This approach has additional advantage that it avoids saving 
and restoring the initial states from the disk. 

 
The number of target simulations that can be performed in 

parallel is determined by the number of CPU cores available. 
The theoretical performance of TPS, measured in total 
simulation time Ttps can be expressed by Equation 1. 
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                                                                              Equation  (1) 

 

where Tref(i) denotes the time to run reference simulation to 
provide the initial state for target simulation of the ith time 
slice; Ttf(i)  is the testbench forwarding time,  simulation time 
needed to bring the testbench to the point where it can simulate 
the RTL circuit with the correct input vectors. For each slice, 
this simulation has to be done from the beginning. Therefore, 
this time increases with the number and the length of slices. 
Ttf(i)  should not be confused with Tref which  is the time to 
provide RTL with the design state. Ttarget(i) denotes the target 
simulation time for the ith time slice. As simulation runs on 
different CPU cores in parallel, the CPU core that takes the 
most amount of time to simulate determines the performance of 
time parallel RTL simulation as described in Equation (1). 

 

For the simulation to be correct, the state (input, output and 
memory elements) of RTL simulation at the end of each slice 
must match the state at the beginning of the next time slice for 
all time slices. This is known as horizontal state matching [7]. 
Figure 2 shows horizontal state matching accomplished via 
comparators. We explain horizontal state matching for one 
slice i.e., slice 2 but it applies to all the slices except slice 0. 
For example, the state information needed to run slice 2 at RTL 
is provided by fast high level simulation as state 2. To confirm 
this state 2 was indeed the correct state for simulating slice 2, it 
is compared against the state produced at the end of RTL 
simulation of slice 1. If the comparison passes, it is known that 
fast high level simulation correctly predicted the initial state for 
slice 2. If the comparison fails, it means the state provided by 
fast high level simulation was incorrect and the simulation for 
slice 2 needs to be repeated by using state from slice 1 instead. 

 

 
Figure 2. Temporal parallel RTL simulation concept 

 
 

B. Integration with the existing ASIC design flow 
 

The concept of reference simulation is compatible with the 
standard ASIC and FPGA design flow where design is 
successively refined from a higher level of abstraction to a 
lower level of abstraction (refer to Figure 1). Thus, any 
simulation at a lower level of abstraction (target simulation) 
can be performed in parallel using a higher level of abstraction 
(reference simulation), as proposed in Figure 2. In this work, 
we use SystemC or C as reference simulation to enable 
parallel RTL target simulation. We assume that SystemC/C or 
any higher level model of the design is already available, as 
many designs are first simulated in SystemC/C or other higher 
level models. Furthermore, there are opensource tools, such as 
Verilator [8] that can convert RTL description into equivalent 
SystemC/C description.  

 
It should also be noted that SystemC/C model is assumed to 

be at least compatible with RTL at the input/output (I/O) 
boundary. This means that such a model may not be detailed 
enough to provide internal state (memory and flip flops) of the 
RTL design but it must be able to predict output/s of RTL at 
the end of any clock cycle. 

 

C. Multi-core architecture of temporal RTL simulation 
We propose an architecture of Temporal RTL simulation 

that exploits multi-core architecture of the underlying hardware 
as shown in Figure 3. 

The new architecture shows that ESL simulation runs as an 
independent thread on a CPU core. This thread simulates the 
design at ESL level, checkpoints the state and spawns RTL 
simulation of a slice on a free CPU core. At the end of each 
time slice simulation, ESL thread checks for horizontal state 
matching (explained in the Preliminaries Section). If there is a 
state matching between slice i and slice i+1, for every time 
slice i, ESL is known to be accurately predicting the initial 
state of slice i+1 for every time slice i. This mode of the 
simulation is called "Prediction Mode", where ESL simulation 
correctly predicts the initial state of each time slice. If on the 
other hand, horizontal state matching fails for a slice i+1, the 
simulation result of slice i+1 is discarded and then slice i+1 is 
re-simulated using the state from previous slice i rather than the 
ESL. This mode of the simulation is called "Actual Mode". The 
actual mode imposes re-simulation overhead but it affects 
simulation of only the slice(s) where there is a state mismatch 
without affecting the rest of the simulation. In traditional 
simulation, the whole simulation needs to be restarted if there 
is a simulation mismatch or discrepancy. 

The average number of cores that are busy at any time can 
be controlled by the ESL thread. As soon as a core is free, it is 
selected by the ESL thread to simulate the next time slice by 
providing it with the initial state. 
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Figure 3. Multi-core architecture of temporal RTL simulation 

 

D. Experiment with a Sequential Design 
Figures 4 and 5 illustrate the simulation of a simple circuit under various unrolled configurations. Figure 4 shows a simple 

design [5] to be simulated. Figure 5 shows the same design unrolled twice. It shows that in order to get the output from the second 
vector (f2), we need output (f1) of the circuit from the first vector. The sooner the first output is going to be available, the sooner 
the circuit can be simulated with the second vector. We simulated this circuit for unroll factor F = 1,2,4,6,8,10,12. Tables 1-3 
show the speedup for F=1, 2 and 4. We used Cadence Incisive simulator 13.1 for RTL simulation on a quad-core Intel CPU with 
8GB RAM. Figure 6 shows the setup using two cores. Figure 7 shows the plot for all the unroll factors. 

 

 
 

Figure 4. Simple circuit for RTL simulation 
 

 
 

Figure 5. Simple circuit in Figure 4 unrolled twice. 
 
 

 
Figure 6. Accelerated RTL simulation setup on two cores. 
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Table 1. RTL simulation speedup for single-frame (F=1) circuit 

 
 
 

Table 2.  RTL simulation speedup for circuit unrolled 2x (F=2) 

 
 

Table 3. RTL simulation speedup for circuit unrolled 4x (F=4) 

 
 
 

Figure 7 shows the improvement in simulation speedup as the 
number of frames per simulation cycle (unroll factor F) 
increases. It approaches a factor of 2 for the case when F=12 
and when the number of slices is 4. Note that the Tables 1-3 
show the worst case time reported from the two cores. 
 

IV. EXPERIMENTS AND RESULTS 
 

In this experiment, we applied our parallel RTL simulation 
methodology to a real world design, AES-128 [9] design [12] 
configured in cipher block chaining mode (CBC) [10], taken 
from opencores.org [11].  We used Cadence Incisive simulator 
13.1 for RTL simulation on a quad-core Intel CPU with 8GB 
RAM.  

Figure 7. RTL simulation speedup as a function of the number 
of slices for different unroll factors. 
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To accelerate cipher text computation, we used high level 
model of the design together with RTL to parallelize the 
computation across multiple CPU cores.  In this experiment 
we used a 2-core configuration and the simulation run was 
partitioned into 5 time slices (three on the first core and two 
on the second) as this offered the best overall simulation 
performance. Figure 8 shows the configuration. 

 
 

Figure 8. Simulation configuration for AES-128 on two cores 
 
 
 The results are shown in Table 4. Results indicate that the 

simulation performance was capped at about 1.5x speedup 
which is close to theoretical speedup of n=2, where n = 
number of cores used. 

 
Table 4. Simulation speedup for AES-128 design using 

parallel RTL simulation 

 
 

V. CONCLUSION 
The paper presents a proof of concept of accelerating RTL 

simulation targeting multi-core CPUs. It proposes a new 
technique for accelerating RTL simulation based on temporal 
partitioning of the simulation and using higher level model 
(SystemC/C or any higher level model) to provide the initial 
states for the individual simulation slices. We showed that 
simulation can be accelerated by making intelligent choices in 
terms of the number of slices and number of CPU cores. To 
the best of our knowledge, this is the first paper that has 
considered RTL simulation acceleration using temporal 
partitioning with higher level model targeting multi-core 
machines. All of this has been automated. The methodology 
also allows early exploration of which configuration (number 
of slices and CPU cores) provides best RTL simulation 
speedup. 

 
 We are currently working on other designs from the 

Opencores [11] benchmark suite to demonstrate scalability of 
our approach and its applicability to industrial grade designs. 
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