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Abstract— In this paper, we propose a dynamic voltage 
scaling (DVS) policy for a fully asynchronous NoC suitable 
for low-power yet high-performance architectures. The DVS 
policy is a FIFO-adaptive DVS, which uses two FIFO 
threshold levels for decision. It judiciously adjusts switch 
voltage among only three voltage modes. The introduced 
architecture is simulated in 90nm CMOS technology with 
accurate Spice simulations. Experimental results show that 
the FIFO-adaptive DVS not only lowers the implementation 
cost, but also achieves another 31% energy-delay saving 
compared to the DVS policy based on link utilization, in a 
90% saturated network.  

I. INTRODUCTION 
Technology scaling and the increasing device 

integration levels make power dissipation and on-chip 
communication as two major factors in the high-
performance multiprocessor systems-on-chip (SoCs). On-
chip communication is becoming increasingly important 
when SoCs grow in complexity and size [1]. Furthermore, 
power dissipation has emerged as the main design 
constraint in today complex SoCs, limiting performance, 
battery life and reliability. Network-on-chip (NoCs) [2], 
constitute a new design paradigm for scalable, high-
throughput on-chip communication in SoCs with billions 
of transistors, and offers a perfect platform for power 
management. SPIN, a micro-network, attempts to solve 
the bandwidth bottleneck in SoCs interconnecting a large 
number of IP cores via NoCs [3][4]. A large number of 
researches on the synchronous NoC architectures have 
been performed such as AETHEREAL [5], XPIPES [6], 
and NOSTRUM [7].  

Dynamic voltage and frequency scaling (DVFS) 
techniques, one of the most successful run-time 
techniques for improving power efficiency, are widely 
used for optimizing power in synchronous domains 
[8][9]. Most of these dynamic and static power saving 
techniques are related to scaling the voltage supply level 
which affects power consumption quadraticaly. 

The dynamic power can be efficiently controlled by 
clock gating at both RT and architecture levels. On the 
other hand, the asynchronous logic scheme offers both 

RTL and architectural clock gating inherently without the 
need of any extra software [10]. Asynchronous circuits 
automatically switch to standby state when they are 
inactive, and have shown their interesting dynamic power 
savings, due to their unclocked nature [11]. As an 
alternative solution for NoC design, the MANGO 
clockless NoC [12] is one of the first asynchronous NoCs. 
ASPIN (asynchronous scalable packet-switching 
integrated network) [13] is another asynchronous micro-
network which is the asynchronous implementation of 
DSPIN (scalable distributed packet-switching integrated 
network) [14]. These two implementations are 
systematically compared in [15]. The other proposed 
asynchronous NoCs are QNOC [14], and ANOC [15]. 

Globally asynchronous locally synchronous (GALS) 
[16] paradigm merges the benefits of both synchronous 
and asynchronous designs, it is being widely investigated 
as a viable alternative to purely synchronous designs 
[17][18]. Better power efficiency is achieved in the GALS 
system, as it offers a natural way to operate each domain 
at different frequency and voltage, which facilitates the 
application of DVFS independently to different parts of 
circuit [19][20]. To enable GALS systems with multiple 
clock domains, including DVFS scaling per each 
synchronous module, the network should be implemented 
as an asynchronous circuit [21][22]. 

The rest of the paper is organized as follows: In 
Section 2, the most relevant recent researches are 
reviewed. In Section 3, the traffic model is described for a 
network containing a homogeneous 5x5 set of clusters. In 
Section 4, A FIFO-adaptive DVS policy is presented in 
details, including exploration of the threshold levels of 
FIFO and the three recommended voltage modes. Finally, 
Section 5 concludes the paper.  

II. RELATED WORK 
E. Beigné et al. [23] propose a dynamic voltage and 

frequency scaling policy for IP units integrated within a 
GALS NoC, but their policy is only applied for all IPs 
within an SoC, and ignores significant effects of the 
power dissipation of links and switches. Li Shang et al. 
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[24] use a history-based dynamic voltage scaling policy 
for links, where the frequency and voltage of the links are 
dynamically adjusted to minimize power consumption. 
This work only targets the dynamic power optimization of 
the interconnection networks which realizes 4.6 times 
power savings on average at the expense of 15.2% 
increase in the average latency. S. E. Lee et al. [25] 
present a variable frequency link for a power-aware 
interconnection network, and apply a dynamic frequency 
scaling (DFS) policy which adjusts link frequency based 
on link utilization parameter. 

In our previous work [26], the energy/throughput 
trade-off was analyzed on a GALS NoC which is based 
on a fully asynchronous NoC, ASPIN [13], using sync-to-
async and async-to-sync interfaces [27] to connect 
synchronous IP cores to the asynchronous network. Our 
experimental results show that although DFS techniques 
can improve power consumption in synchronous circuits, 
interval scaling and consequently throughput scaling in 
not recommended for energy saving in the fully 
asynchronous NoCs, and the best energy-delay (ED) [28] 
saving is achieved in high throughput regions. On the 
other hand, a DVS technique is able to save energy up to 
40% at the expense of 13% throughput degradation, while 
a throughput scaling technique only achieves 0.6% energy 
saving with the same amount of throughput degradation. 
So these results, as the first study in this region, limit the 
range of throughput scaling and also limit voltage scaling 
between 1.0v to 0.75v as the optimum ranges for a DVS 
scheme. 

 In this paper we propose two dynamic voltage scaling 
policies for the GALS NoC architecture based on the 
previous optimum voltage scaling ranges. First, based on 
the link utilization parameter [25], a history-based [24] 
DVS policy is presented. Due to the limitations in 
implementing on-chip inductors [29], the proposed 
history-based DVS uses few number of voltage modes. 
Second, the FIFO-adaptive DVS policy is presented 
which uses only three voltage modes, and achieves 
considerable amount of energy saving at the expense of 
negligible throughput degradation. 

III. TRAFFIC MODEL 
To evaluate the GALS NoC performance, power, and 

saturation thresholds (the most important parameters), we 
have focused on a network containing a homogeneous 
5x5 set of clusters. Details of the asynchronous routers 
and GALS NoC architectures are provided in [26]. 
Synchronous IP cores transmit and receive data to/from 
the asynchronous router through sync-to-async and async-
to-sync interfaces. The IPs which are connected to the 
local input port are used for generating traffic. Each IP 
consists of two parts, traffic generator (TG) and network 

analyzer (NA). The TG is connected to router's local input 
port and is used to model the uniform type of traffic [30], 
and inject packets to the network. The NA is connected to 
router's local output ports and consumes the generated 
traffic and check the delivery of packets. If too many IPs 
are generating traffic simultaneously, the network would 
be saturated. The saturation occurs when the traffic 
generated by each IP reaches a saturation threshold—that 
is, when the average packet latency rises exponentially to 
an infinite value. In our traffic model each TG generates 
50 packets with the packet length of 8 flits and sends 
them to the other NAs. To account for network contention 
and to get a meaningful latency measurement, we have 
time-stamped the packets and posted them in FIFO 
buffers located in each TG.  

We have measured the average packet latency as the 
time between the departure time in the source node and 
the arrival time in the destination node. The curve in 
Figure 1 depicts average packet latencies, at voltage 1.0v, 
versus the generated traffic by an IP. The network 
saturates in loads higher than 176 GFlits/s. In other 
words, if the IPs flit injection rate exceeds this rate the 
flits will not be delivered. Similarly, in 0.75v, the network 
saturates in loads higher than 144 GFlits/s. 

According to our results, in 1.0v, the network is 100% 
saturated when the injection rate reaches 176 GFlits/s. 
Consequently the injection rates of 144 GFlits/s, 152 
GFlits/s, and 160 GFlits/s saturate 82%, 86%, and 90% of 
the network respectively, and are used for our simulation 
results. 

 

 
Figure 1. Packet latency versus different loads of the network in 

1.0v. 

IV. PROPOSED FIFO-ADAPTIVE DVS 
In this new DVS policy the FIFO level is used to 

predict the upcoming workload instead of history-based 
[24] and link utilization parameter [25]. FIFO level is a 
good metric for knowing how many packets will traverse 
a switch and consequently set the voltage to the optimum 
value. To estimate the upcoming workload, we use the 
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level of north, south, east, west, and local FIFOs, which is 
an indicator of traffic through a switch. Low FIFO 
occupancy level indicates low traffic intensity in a switch 
caused by light workloads in the incoming ports. 
Conversely, high FIFO occupancy level implies that 
higher voltages are required to pass the incoming flits to 
the destination ports. 

To predict upcoming workloads in [25], the link 
utilization is used which is measured by sampling a link 
at a given time during a predefined period (T). Since this 
metric is evaluated based on fixed interval periods, it 
requires a clock for synchronization which is not perfectly 
matched with our fully asynchronous NoC. Furthermore, 
the link utilization requires a counter and other logics to 
count the number of input port requests. In addition to the 
link utilization component, the history-based method 
needs additional hardware to compute Ψ(n) [31]. 
Therefore, in FIFO-adaptive DVS, we have monitored the 
traffic intensity by FIFO occupancy level to omit both 
hardware overhead cost and the clock signal from our 
asynchronous circuits.  

The FIFO occupancy level of each port is an indicator 
of the traffic on that port- the FIFO depth is 8. Therefore, 
to filter out transient fluctuations from the input ports, we 
use the sum of FIFO occupancy levels of all input ports as 
the traffic indicator of each switch. To reduce the 
overhead of DC to DC convertors and on-chip inductors, 
the FIFO-adaptive DVS policy scales the operating 
voltage among the recommended voltage modes for all 
part of the switch, including five input ports and five 
output ports. This leads to a better decisions and also 
reduces the DC to DC convertors and other hardware 
components overhead and hence, facilitates its 
implementation. 

A. Recommended Threshold Levels of the FIFO 
The level of the proposed FIFO is monitored during a 

simulation with the load of 152GFlits/s (i.e. network 
saturated at 86%) versus different operating voltages and 
the results are summarized in Figure 2. As the results 
show, lower operating voltages lead to higher FIFO 
levels, and hence increase the probability of the network 
saturation. For example, when vdd is equal to 0.75v 
during 30% of the simulation time the FIFO contains 10 
flits, while during 8% of the simulation time it contains 
the same amount of flits at vdd = 1.0v. This figure also 
shows a suitable range for the threshold levels of the 
FIFO between 10 and 24, because there is a very low 
probability that the number of flits in the FIFO exceeds 
24. So this range can be used for selecting appropriate 

voltage by the DVS policy.  

 
Figure 2. Observed FIFO level during simulation versus different 

voltages.  

To have optimum energy dissipation, the FIFO-
adaptive DVS algorithm should dynamically scale the 
operating voltage of the asynchronous switch between 
0.75v and 1.0v [26], and improve the energy saving with 
negligible performance degradation. To reduce the 
number of voltage modes generated by regulators, the 
switch operating voltage should be selected among the 
three recommended voltage modes called high voltage 
(Vh), medium voltage (Vm), and low voltage (Vl). Since 
we have proposed the FIFO occupancy level as the traffic 
intensity indicator, we need two FIFO levels called low 
threshold (Thl) and high threshold (Thh) to decide when to 
switch between the voltage modes. The decision of the 
FIFO-adaptive DVS is based on three simple 
assumptions:  

If ( FIFO_level < Thl) set Vswitch to Vl 

If ( Thl <= FIFO_level < Thh) set Vswitch to Vm 

If ( Thh <= FIFO_level) set Vswitch to Vh 

So, we have to find two suitable threshold levels for FIFO 
among the available range to have the best energy saving 
with least performance degradation. In [26], we have 
shown that throughput degradation does not improve the 
energy saving in asynchronous circuits. Therefore, we try 
to achieve the highest throughput with the least required 
voltage. High throughput equals low flit latency in each 
switch or in other words, low FIFO occupancy level. 
Therefore, we improve the throughput by minimizing the 
FIFO occupancy level and expect to have the best energy 
saving. The results will validate our assumption.  

We have equaled Vh by the highest supported voltage 
(i.e. 1.0v), and Vl by the lowest supported voltage (i.e 
0.75v). For the sake of finding the threshold values, 0.85v 
is selected for Vm. Figure 4 shows the FIFO occupancy 
level during simulation for different sets of threshold 
values.  
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Figure 3. The threshold values (14,18) provides a lower occupancy FIFO relative to the threshold values. 

 
These sets of threshold values are selected among the 
suitable range in Figure 2. As results show, when the (Thl, 
Thh) is equal to (14, 18), we have the lowest FIFO 
occupancy level and hence, the highest throughput. 
Therefore, we propose 14 and 18 as the optimum values 
for Thl and Thh, respectively. Figure 3 also shows the 
threshold values (14, 18) are highly effective in 
minimizing the FIFO occupancy level compared to (14, 
22) and (10, 18).   

 

 
Figure 4. FIFO occupancy level during simulation versus different 

values for (Thl, Thh). 

To validate the claim that higher throughput yields 
lower energy, we have calculated dynamic energy, 
throughput, and ED values versus different values for 
(Thl, Thh) in Figure 5 (a), (b), and (c), respectively. As 
shown in the figures, (14, 18) leads to the best results for 
all of these parameters.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 5. Effects of (Thl, Thh) for different parameters of the system. 
a) Dynamic energy, b) Total energy, and c) ED values versus different 
configurations of (Thl, Thh).  

B. Three Recommended Voltage Modes 
We will use (14, 18) as the optimum FIFO threshold 

levels in the rest of the paper. These threshold values are 
used to set the operating voltage to the three 
recommended values (i.e. Vh, Vm, Vl). Vh and Vl are set to 
1.0v and 0.75v based on our observations in [26]. With 
0.75v the ED is minimized as much as possible and 1.0v 
leads to the lowest packet latency and hence, the highest 
throughput when required. The next step is to find the 
suitable voltage value for Vm. The optimum Vm would be 
the value that leads to the lowest energy dissipation with 
the least throughput degradation. To find the optimum 
value for Vm, we have observed the effects of different 
voltage values for this parameter on total energy and 
average packet latency. 

As shown in Figure 6, the minimum total energy 
dissipation and maximum packet latency are obtained 
with Vl, and the maximum total energy dissipation and 
minimum packet latency are provided with Vh. So we 
have tried to find a suitable Vm somewhere between these 
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two extremes, where both energy and packet latency are 
optimum. The middle of the curves should be a 
convergence point. As shown in Figure 6(a), this point 
should be around 0.86v, and Figure 6(b) proposes 0.81v 
for Vm. Therefore, we select different Vm in this range and 
observe their effect in energy dissipation and packet 
latency. 

 

 
(a) 

 
(b) 

Figure 6. Effects of voltage modes on: a) Total energy, b) Average 
packet latency. 

Figure 7 shows the effects of different Vm values on 
dynamic/leakage/total energy, ED, and power 
consumption of the NoC. As shown, Vm = 0.82v leads to 
the lowest dynamic energy, leakage energy, total energy, 
power, and ED (normalize values). Thus, we have 
selected voltage modes Vl = 0.75v, Vm = 0.82v, Vh= 1.0v. 

 

 
Figure 7. Effects of different Vm on energy and power. 

C. Comparison of FIFO-adaptive and Link-
Utilization-Based DVS  

So far we have specified the FIFO threshold levels and 

the voltage modes as well. At the end, we have compared 
the two DVS algorithms: FIFO-adaptive DVS algorithm, 
and history-based DVS policy which uses the link 
utilization as the traffic intensity indicator for 
asynchronous NoCs [32]. The ED saving results are 
shown in Figure 8 for different loads in comparison to the 
system in which the voltage is fixed at 1.0v. The FIFO-
adaptive DVS has not only lower implementation cost, 
but also surpasses the DVS based on link utilization in 
ED saving for different loads. It achieves more than 31% 
and 29% ED savings compared to the DVS based on link 
utilization in 90% and 86% saturated networks, 
respectively. 

 

 
Figure 8. Comparison of ED savings in FIFO-adaptive DVS and 

DVS based on link utilization for different loads.  
 

V. CONCLUSION 
In this paper we exploited a fully asynchronous NoC 

architecture for GALS-based MPSoC architectures and 
proposed a DVS scheme for low-power and low-energy 
applications. To evaluate the GALS NoC energy, power, 
and performance, we introduced a traffic model and found 
the related saturation thresholds in different voltage 
modes. The link utilization indicator and the 
recommended voltage scaling regions were then 
introduced and a history-based DVS algorithm based on 
link utilization were proposed accordingly. We also 
augmented the DVS algorithm with FIFO and explored 
the effective threshold levels for FIFO. Then a FIFO-
adaptive DVS algorithm were proposed, which uses the 
FIFO level as the traffic intensity indicator and scales the 
operating voltage to three recommended optimum voltage 
modes. The FIFO-adaptive DVS has not only lower cost 
of implementation, but also achieves better ED saving 
compared to the link-utilization-based DVS in saturated 
networks.  
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