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Abstract— For a network-on-chip (NoC) with multiple volt-
age/frequency domains, metastability hurts the reliability during
the clock-domain crossing, especially in the near-threshold-
voltage (NTV) region. Conventional multistage synchronizers
reduce the probability of metastability but have a high latency
penalty. This article presents a technique titled metastability
risk prediction and mitigation (MPAM) that predicts the near-
future metastability risks by a triple-phase clock monitoring
circuitry and mitigates them by a metastability-free clock
scheme. Therefore, the MPAM enables only one flip-flop for
data synchronization without degrading the reliability against
metastability, thus improving the latency and throughput of NoC.
We prototyped a 2-by-2 NoC test chip with four independent
voltage/frequency domains in a 40-nm low-power (LP) process,
featuring the MPAM technique. The measurement shows that
the MPAM significantly reduces the metastability condition
rate by 1010      times under different clock frequency ratios.
Moreover, by enabling only one flip-flop for synchronization, the
MPAM-based NoC achieves packet latency reduction, throughput
improvement, and energy efficiency gain by 58%, 13.4%, and
8.6%, respectively.

Index Terms— Clock-domain crossing (CDC), metastability,
multivoltage/frequency domain, near-threshold voltage (NTV),
network-on-chip (NoC).
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I. INTRODUC T I ON

HE reliability of a system-on-chip (SoC) has been a
critical concern for emerging applications like drones

and autonomous vehicles, e.g., a drone typically requires
its mean time between failures (MTBF) to be larger than
tens of thousands of hours [1]. Such an SoC typically
adopts a multicore or even many-core architecture, which
employs a network-on-chip (NoC) [2], [3] to enable high
throughput and energy-efficient data communication among
cores. Each core of the SoC ideally operates in an independent
voltage and frequency (V/F) domain to push energy efficiency.
Meanwhile, the SoC usually adopts complex low-power
(LP) techniques, such as globally asynchronous, locally
synchronous (GALS) clocking [4], dynamic voltage and
frequency scaling (DVFS) [2], and adaptive clocking [5].

However, these LP techniques could make the supply
voltage and clock frequency of each V/F domain vary
largely from super-threshold voltage to near-threshold voltage
(NTV), and from several GHz to sub-MHz. As a result, two
independent V/F domains of the NoC could have arbitrary
and time-varying clock phase and frequency relationships.
Unfortunately, such an unknown phase relationship brings
risks of metastability to the NoC. Moreover, as the core
operates in the NTV region for energy saving, the metastability
issue becomes even worse since the metastability resolution
time increases exponentially [6], [7], [8], and process, voltage,
and temperature (PVT) variations greatly impact the circuit’s
delay variability, badly hurting the reliability of NoC.

There are plenty of prior works proposed to counter
metastability. Using a multistage synchronizer [9], which
composes of several flip-flops, can provide several clock
cycles of metastability resolution time to mitigate metastability
during clock-domain crossing (CDC), but it cannot guarantee
metastability elimination and has a latency penalty. Optimizing
the flip-flop structure [10], [11], [12] is an instinctive way
to improve the synchronizer against metastability, however,
at the cost of performance, area, and power. Instead, many
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prior works [13], [14], [15], [16], [17], [18] actively control
the receiver’s sampling clock edge to avoid it becoming close to
data arrival, thus mitigating metastability. Among these
works, Dally and Tell [13] and Buckler and Burleson [14]
use the measured clock frequency ratio to infer the next
phase relationship and switch the receiver’s clock phase
accordingly, but the measurement of the clock frequency ratio is
time-consuming. Some works [15], [16], [17] detect the
occurrence of metastability and then modulate the receiver’s
clock, thus requiring the two clock domains to have the
same or similar clock frequencies. Lin et al. [18] detect the
necessary metastability condition and modulate the receiver’s
clock edge to enlarge the mean time between two metastability
(MTTM) conditions, but: 1) it only detects the necessary
condition instead of the actual metastability so that it tends to
pessimistically alarm metastability; 2) it requires packet
retransmission to correct potential errors, which degrades
throughput and energy efficiency; and 3) it reduces the
probability of entering metastability conditions by only
two–three orders of magnitude; therefore, it has limited help
to counteract the dramatically worsen metastability issue in
the NTV region.

In this work, we aim to predict the near-future metastability
risks and mitigate them before the metastability occurs, thus
using a single flip-flop instead of a multistage synchronizer for
low-latency data synchronization. To this end, we propose a
metastability risk prediction and mitigation (MPAM) technique
that mitigates the metastability risk in an NTV NoC,
where different V/F domains have different clock frequencies
and unknown phase relationships. MPAM exploits in situ
error detectors (EDs) and three consecutive clocks with
different phases to predict the metastability conditions on
the synchronizing clock. Once predicted, MPAM selects
one metastability-free clock among these three clocks for
synchronization before the metastability strikes the clock edge.
Therefore, the MPAM can avoid the upcoming metastability
condition, let alone the actual metastability. Such effective
metastability prevention allows us to use a flip-flop instead of a
multistage synchronizer for synchronization, thus reducing
transmission latency and energy consumption.

Based on the MPAM technique, we prototyped a 2-by-2
NoC test chip in a 40-nm LP process. The NoC integrates four
independent V/F domains that operate widely from 0.4 V/1
MHz to 1 V/200 MHz. Each domain contains a processing
element (PE) and an MPAM-based router. Measurement shows
that the MPAM enables zero bit error rate (BER) for 1013 bits
of data transmission on the NoC, reducing the metastability
condition rate by at least 1010 times. Therefore, the NoC
with MPAM enabled can reliably use a single flip-flop for
synchronization, thus reducing packet latency by 34.5% (58%)
as compared to that of a conventional 3(6)-stage synchronizer.
The proposed technique also helps to improve the throughput
of NoC by 7.4% (13.4%) and energy efficiency by 3.5%
(8.6%). The area overhead of MPAM is 3.4%.

The remainder of this article is organized as follows.
Section II  introduces the metastability issue and our moti-
vations. Section II I  describes the proposed MPAM technique
and its design constraints. Section I V  shows the architecture of
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Fig. 1.     Two-stage synchronizer for countering the metastability in CDC.

Fig. 2.     (a) Two key parameters of metastability: the metastability resolution
time constant τ and the metastability window T . (b) Simulated τ and
required number of flip-flops for achieving 105-h MTBF under different
supply voltages.

MPAM-based NoC. Section V  shows the measurement results.
Finally, Section V I  concludes this article.

I I . M E TA S TA B I L I T Y  IN C D C
A. Metastability Phenomenon

Metastability happens in a flip-flop when the data arrive
very close to the sampling clock edge. During CDC, since
the clock phase relationship between two domains is arbitrary,
the receiving flip-flop is risky to have metastability issues.
As shown in Fig. 1, the T X  domain sends data D with a clock of
Tx_clk to the R X  domain with another clock of Rx_clk. The
different clock frequencies of Tx_clk and Rx_clk result in an
uncertain phase relationship between the two domains.
Therefore, the data D may arrive very close to the rising edge
of the Rx_clk, making the receiving synchronizer (flip-flop)
becomes metastable, i.e., the output stays between 0 and 1.
Specifically, as shown in Fig. 2(a), the metastability makes
the flip-flop’s delay, i.e., tclk−to−Q , increases exponentially
when the time between data arrival and the clock’s edge, i.e.,
tD−to−clk , is smaller than the metastability window TW. The
average tclk−to−Q when metastability occurs is defined as the
metastability resolution time constant τ of a flip-flop [20].
The larger the τ is, the higher the possibility of metastability
will be.

To avoid the metastable signal entering the combinational
logic and incurring errors, a synchronizer with N-stage flip-
flops is commonly used for data synchronization since it can
provide at most N −  1 clock cycles for metastability resolution.
As a result, the MTBF of an N-stage synchronizer can be
formulated as follows [21]:

MTBF =  
TW 

T 
−( N −1)·TR X /τ (1)

where TTX and TRX are the clock period of Tx_clk and Rx_clk,
respectively.

As the supply voltage tends to scale down as low as possible
in nowadays SoCs, metastability becomes more critical.
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Fig. 3. Stage number N of a synchronizer greatly impacts the latency
of CDC.

Fig. 4.     Phase difference between the clocks of two clock domains changes
over time, resulting in periodic metastability conditions.

As shown in Fig. 2(b), considering the process variations,
the metastability resolution time constant τ increases by
�4000 times when the supply voltage scales from 1.0 down to
0.3 V. According to (1), to maintain the same reliability (e.g.,
MTBF of 105 h) under increased τ , the stage number N of the
synchronizer should be up to 4 or even 8 in the NTV region.

While increasing the N of a synchronizer helps to maintain
the reliability in the NTV region, it also greatly impacts the
latency. Taking a bisynchronous FIFO equipped with N-stage
synchronizers as an example, as shown in Fig. 3, the FIFO
takes one cycle for the T X  domain to write data, and then, it
takes Nr cycles for the R X  domain to synchronize and access the
data, so the total read latency is

Fig. 5. Proposed metastability prediction scheme can: (a) alert the
metastability condition in advance and (b) judge whether the metastability
condition has passed.

time and 2) with the clock phase changes over time, the
metastability will return periodically, hurting the reliability.

Prior works, such as [13], [14], and [18], have tried to
exploit phase regularity to mitigate the metastability during
CDC. However, as they only initiate metastability mitigation
post detecting the 1 P [n] is small, the system is already
at risk of metastability. Instead, by exploring the regularity
as summarized above, we can use the current 1 P [n] to
infer the future clock phase difference, so that we can
predict the metastability risk by clock phase monitoring. Once
predicted, we can adapt the receiver clock in advance to
always guarantee enough phase margins (i.e., large 1 P [n])
between two domains for metastability-free data sampling and
synchronization.

read latency =  1TX  cycle +  Nr RX cycles. (2) I I I . M E TA S TA B I L I T Y  R I S K  PR E D I C T I O N AND MI T I G AT I ON

When the supply voltage reduces to the NTV region,
the required N pessimistically grows, making the latency
penalty of synchronization high to eight R X  cycles. Therefore,
mitigating the metastability during CDC is not only essential
for enhancing reliability, but it is also important for improving
data transmission latency and throughput.

B. Regularity in Metastability During CDC
While     the     relative     clock     phase     is     arbitrary     during

CDC, the change in the phase difference shows regu-
larity [13], [19], [22]. As shown in Fig. 4, assuming the
T X  and R X  have a slight clock frequency difference (k =
f TX / f RX =  0.9999), then the clock phase difference, i.e.,
1 P [n], will change over the R X  clock cycles n. As 1 P [n]
becomes smaller than the metastability window (TW), the R X
is going to have a metastability issue. In this case, we can
conclude that the metastability has a regularity as: 1) the
R X  experiences metastability risks continuously in a short

We proposed the MPAM technique that first predicts near-
future metastability risks of synchronizers and then mitigates
them before metastability happens.

A. Metastability Risk Prediction
To predict the metastability risk based on the disciplinary

phase relationship between clock domains, we proposed a
triple-phase clock monitoring scheme. It monitors the phase
relationship between Tx_clk and three consecutive clocks
(i.e., Rx_clklead, Rx_clkint, and Rx_clklag), which are all
derived from Rx_clk with the smallest, the intermediate,
and the largest phase addition, respectively. As shown in
Fig. 5(a), the three derived Rx_clks have different 1 P [n]
to Tx_clk. Moreover, the clock phase of Rx_clklead advances
that of Rx_clkint by P ead2int, and Rx_clkint advances Rx_clklag

by P nt2lag. We can use an advanced clock to predict the
metastability risk of a laggard clock. To do so, we detect
whether the 1 P [n] of the derived Rx_clk is smaller than a
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Fig. 6. Triple-phase clock-based metastability risk prediction hardware
predicts the metastability condition with three consecutive Rx_clks.

metastability detection window WI by an in situ ED [19]. Here,
we set WI larger than TW for detecting metastability conditions
rather than detecting the actual metastability. As a result, when
the ED alarms the metastability condition of Rx_clklead at
tlead (❶), we can predict that Rx_clkint is also going to have
metastability condition in the near-future moment tint (❷).
Similarly, the alarm at tint (❷) can be used to predict the
metastability condition of Rx_clklag at tlag (❸). Note that the
prediction advances the upcoming metastability condition by
T ead2int or T nt2lag, which can be adjusted by setting proper
phase difference (P ead2int or P nt2lag) for supporting different
frequency relationships during CDC.

On the other hand, the proposed prediction scheme also
judges whether the Rx_clk is metastability-free for the next
period. As shown in Fig. 5(b), 1 P [n] of the Rx_clklead,
Rx_clkint, and Rx_clklag     is smaller than the metastability
detection window WI     during the metastability risk region
MRlead, MRint, and MRlag, respectively. The three metastability
regions are nonoverlapped by setting proper P ead2int     and
P nt2lag. As a result, when the ED triggered by Rx_clkint alarms
metastability condition at tint (❷), we can judge that Rx_clklead is
metastability-free since Rx_clklead has already left MRlead at t ′

(❹). Similarly, the alarm generated at tlag (❸) can be a
flag that Rx_clkint is metastability-free in the next period.

Based on the above scheme, Fig. 6 shows the metastability
risk prediction hardware that uses three in situ EDs [19]
to monitor the relative phase relation between Tx_clk and
Rx_clk. The three EDs, i.e., EDlead, EDint, and EDlag,
are triggered by three consecutive Rx_clks, i.e., Rx_clklead,
Rx_clkint, and Rx_clklag, which are generated from Rx_clk by
tunable delay cells. Each ED uses two NS-stage synchronizers
to sample the input data di within a metastability detection
window interval WI. The ED compares the two samples and
alerts an error signal err if di arrives within WI. Therefore,
the three EDs generate error signals, i.e., errlead, errint,
and errlag, if Rx_clklead, Rx_clkint, and Rx_clklag arrive too
close to Tx_clk_div, which is the frequency-divided Tx_clk.
By configuring the tunable delay cells properly (which will be
discussed in Section III-C), the three EDs generate error
signals at different time regions, with which we can predict and
judge the metastability condition for the three derived Rx_clks.

B. Metastability Risk Mitigation
After predicting the potential metastability risks, we further

proposed a metastability risk mitigation scheme to avoid
actual metastability in advance by dynamically choosing
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Fig. 7.      Synchronization clock sclk dynamically switches among the three
Rx_clks to mitigate the metastability.

Fig. 8.      Proposed metastability mitigation hardware selects a proper phase
for sclk to avoid metastability conditions.

one metastability-free derived Rx_clk for synchronization.
As shown in Fig. 7, the three derived Rx_clks have 1 P [n]
larger than the metastability detection window interval WI, so
the three EDs, i.e., EDlead, EDint, and EDlag, output “000” for
indicating no errors. Therefore, we select Rx_clkint as the
synchronizing clock sclk. As time goes by, 1 P [n] of
Rx_clklead first becomes smaller than WI, so EDlead alarms
the case (❶), with which we can predict the Rx_clkint is
going to have metastability condition soon (❸) but Rx_clklag is
relatively distant to the metastability risk region MRlag (❺).
Therefore, we can mitigate the near-future metastability risk
by selecting Rx_clklag as srclk (❷) for the next period. Later
on, 1 P [n] of Rx_clkint becomes smaller than WI during MRint
(❸), where EDint alarms the upcoming metastability risks of
Rx_clklag (❺). Hence, the synchronizing clock sclk switches
from Rx_clklag to Rx_clklead (❹) to mitigate the potential
risks. Similarly, when EDlag gives an alarm (❺), sclk
switches to Rx_clkint (❻) for metastability mitigation. By
such continuous metastability risk prediction and dynamic
clock switching, the synchronizing clock sclk always keeps a
sufficient phase margin to the metastability detection window
WI, thus avoiding any metastability condition, letting alone
actual metastability.

Based on the presented scheme, as shown in Fig. 8,
the metastability risk mitigation hardware contains a phase
decision block that uses the generated error signals to decide a
metastability-free clock phase dynamically and then selects the
corresponding Rx_clk for synchronization.

C. Timing Constraints of Metastability Prediction and
Mitigation

To ensure that the proposed MPAM technique can predict
the potential metastability condition in advance and mitigate it
by selecting one metastability-free Rx_clk before the
metastability really happens, we need to properly set the phase
difference (i.e., P ead2int and P nt2lag) among the three derived
Rx_clks by configuring the tunable delay cells.
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Fig. 9. Requirements of Dlead2int and Dint2lag between the three derived
Rx_clks.

First of all, P ead2int and P nt2lag should be large enough to
give MPAM sufficient time to act on prediction and mitigation
before actual metastability happens. As shown in Fig. 9, the
phase differences P ead2int and P nt2lag make the Rx_clklead,
Rx_clkint, and Rx_clklag     meet metastability conditions at
different moments, i.e., tlead, tint, and tlag, respectively. When
the metastability condition happens on Rx_clklead at tlead, the
MPAM latency tMPAM includes NS clock cycles for the ED to
alarm an error and one clock cycle for the mitigation hardware
to switch sclk from Rx_clkint to Rx_clklag, i.e., tMPAM =
NS +  1. The clock switching must complete before Rx_clkint
meets the metastability condition at tint. Therefore, tMPAM
should be less than the timing interval between tint and tlead,
i.e., T ead2int (= tint −  tlead). Similarly, tMPAM should also be
smaller than T nt2lag(= tlag −  tint). It can be formulated as
follows:

min
  

lead2int, int2lag
 
≥  NS +  1. (3)

Here, the timing intervals (i.e., T ead2int and T nt2lag) depend
on the phase differences (i.e., P ead2int and P nt2lag) between the
derived Rx_clks, which can be calculated as follows:

lead2int int2lag
lead2int                                          int2lag

step step

where P tep is the average phase step of 1 P [n]. Then, (3) can
be rewritten as

min
  

lead2int, int2lag
 
≥  (NS +  1) · step. (5)

The average phase-changing step P tep      relates to the
frequency ratio k between two clock domains. The k can be
formulated as a rational fraction with a bounded denominator
plus an error term [13]

k =  
f TX  =  

Nk +  E k (6)
R X k

where Nk and Dk are two coprime integers for representing
the nominator and dominator of k, respectively, and E k is the
error term. Then, P tep can be formulated as [19]

1 P [n +  Dk] −  1 P [n]
step

1 P [n] =  1 P [0] +  n −  
1 

· m
 
· 2π (8)

$ ! %

m =
1

2π
0] 

+  n +  
2π

· k . (9)

With (7)–(10), we can approximate P tep as

step $ ! %

=  
Dk       

Dk −  
k 

·

$  
2π

0] 
+  n +  Dk +  

2π
· k

!
−

1
2π

0] 
+  n +  

2π
· k · 2π

≈  
Dk       

Dk −  
k 

· (�(n +  Dk ) · k� −  �n · k�) · 2π

≈  E k · 
Nk · 2π. (10)

k

In addition, P ead2int and P nt2lag should be larger than the
metastability detection WI so that the three derived Rx_clks
can have nonoverlapping metastability risk regions (MRlead,
MRint, and MRlag). Therefore, (5) can be extended as

min P ead2int, P nt2lag     ≥  max (NS +  1) · P tep, WI . (11)

At the same time, the phase difference between Rx_clklag
and Rx_clklead, i.e., P ag2lead, should also be larger than the
metastability window interval WI to avoid MRlag overlap with
MRlead, which can be formulated as

lag2lead =  
2π 

−  lead2int −  int2lag ≥  WI (12)
k

where 2π/Nk is the maximum step of 1 P [n] in consecutive
clock cycles [13]. Based on (12), P ead2int and P nt2lag should
satisfy the following constraint:

lead2int +  int2lag ≤  
2π 

−  WI. (13)
k

In conclusion, the delay of the tunable delay cells (Dlead,
Dint, and Dlag) should make the phase difference, i.e., P ead2int
and P nt2lag satisfy the constraints of (11) and (13) to ensure
the MPAM can predict and mitigate the metastability condition
in advance. For example, if k =  2.4999, NS =  3, and WI
is 0.03π , we can rewrite k into k =  5/2 −  0.0001 (i.e., Nk =
5, Dk =  2, and E k =  −0.0001). Then, P ead2int and P nt2lag should
be between 0.03π and 0.185π . Therefore, when the circuit
operates under a typical clock period T =  20 FO4 (fan-out-
of-four inverter delay), P ead2int and P nt2lag translate to latency
difference Dlead2int ( =  Dint −  Dlead) and Dint2lag ( =  Dlag −
Dint) that can be any value within 0.3 FO4 −  1.85 FO4.
This relaxed delay requirement improves the tolerance of the
tunable delay cells against PVT variations.

I V. MPAM-BA S E D NOC A R C H I T E C T U R E

Based on the proposed MPAM technique, we designed
a 2 ×  2 GALS NoC. Fig. 10(a) shows the architecture of
the proposed MPAM-based 2 ×  2 NoC. The NoC contains
four PEs (PE0–PE3) and four routers (R0–R3). The four PEs
operate in four independent V/F domains. To communicate
with PEs in other V/F domains, each PE has a local link
to the adjacent router that shares the supply voltage and the
ring-oscillator-based clock generator. Each PE can generate
data packets under various packet injection rates from 10%
to 100% and different traffic patterns. Moreover, the PE can
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Fig. 11.     (a) MPAM block with configurable N-stage pointer synchronizers.
(b) Current-starve-based tunable delay cells that have a configurable delay.

Fig. 10. (a) Proposed MPAM-based 2-by-2 GALS  NoC architecture.
(b) Two-stage router in the NoC contains. (c) MPAM-based FIFOs for
mitigating metastability.

also check the correctness of received packets via signature
analysis. Each packet has to travel through several routers to
its destination. Inside a packet, it contains a field of timing
stamps that record the time when the packet is generated. As a
result, the destined PE can calculate the packet latency when
receiving the packet.

As shown in Fig. 10(b), the router collects packets from
different input ports and forwards them to corresponding
destinations. For V/F domain crossing, the router converts the
packets to its local voltage domain via level converters and
buffers the packets via dual-clock FIFOs. Then, the router
allocates the packet to a corresponding output port in the
second output stage. We can formulate a typical packet latency
per router as tROUTER =  tFIFO +  tOUT, where tFIFO is the latency
of a dual-clock FIFO and tOUT is the latency of the router
datapath. tOUT is the two clock cycles in our NoC.

As shown in Fig. 10(c), the MPAM-based dual-clock FIFO
still contains write/read pointer logic, a dual-port SRAM,
and two N-stage synchronizers. We add two MPAM blocks,
i.e., MPAM1 and MPAM2, to avoid the metastability of the
synchronizer. Each MPAM block can be shared by a 5-bit
pointer synchronizer to amortize the power overhead. The
latency of FIFO tFIFO can be formulated as tFIFO =  1 +  N ,
where “1” is the one write clock cycle for the writer pointer
updating, and N is the latency of the N-stage synchronizer.
Therefore, the router latency is tROUTER =  3 +  N , where the
synchronizer’s stage N constitutes a large portion of the total
latency (40% if N =  2 and 57% if N =  4).

The two MPAM blocks monitor the phase difference to
predict the metastability condition and to adaptively adjust
the clock phase of the synchronizer to avoid the metastability
condition. MPAM1 is for the read domain and MPAM2 is for
the write domain. Let us take the MPAM1 as an example.
As shown in Fig. 11(a), the MPAM1 block receives the
write clock wclk from the write domain and monitors the

phase difference by three in situ EDs with three derived
rclks. Based on the generated errors, the phase decision block
configures the phase of the synchronizing clock srclk to that of
the metastability-free clock for the pointer synchronizers. To
investigate whether the synchronizer is indeed safe from
becoming metastable, we add an extra shadow synchronizer
that samples the write pointer wptr after a metastability
window interval WI and compares the sample with that of
the main synchronizer. If wptr arrives close to srclk within
the window WI, the shadow synchronizer alarms the error
err_w to indicate the occurrence of metastability condition. For
studying the impacts of stage number N on router latency, the
synchronizer can be configured to have various N that ranges
from 1 to 8. Note that the derived clocks are only used in the
MPAM block and the pointer synchronizers, whereas the
sequential elements in the FIFO stage and the output stage
still use the origin rclk. Therefore, generating the three derived
clocks has little impact on the global clock tree design.

The phase difference between the derived clocks (i.e.,
P ead2int and P nt2lag) of the MPAM should follow the design
constraints as discussed in Section III-C. To obtain the target
phase difference, as shown in Fig. 11(b), we implement the
tunable delay unit based on the current-starve buffer, which
has a configurable delay ranging from 1.1 FO4 to 3.46 FO4
under 0.4 V  or ranging from 0.88 FO4 to 4.1 FO4 under 1
V  to support metastability mitigation under 13 typical
frequency ratios [18].

V. M E A S U R E M E N T R E S U LT S

We prototyped the NoC test chip in a 40-nm LP CMOS
process. Fig. 12 shows the die photograph of the test chip.
The MPAM blocks take 3.4% area overhead of the router’s
area.

Fig. 13 shows the measurement setup for the NoC test chip.
The NoC is measured under two typical traffic patterns: the
hotspot traffic pattern [Fig. 13(a)] that PE0 receives packets
from all the other three PEs, and the bit transpose traffic
pattern [Fig. 13(b)] that each PE only communicates with
one neighbor PE. We initiate the data traffic for transmitting
1013-bit data. We measure the metastability condition rate,
packet latency, throughput, and power consumption of the
NoC during the data transmission when disabling MPAM and
enabling MPAM, respectively.
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Fig. 12.      (a) Die photograph of the proposed MPAM-based NoC test chip.
(b) Area breakdown of the router and MPAM block.

Fig. 15. Robustness of MPAM under: (a) clock frequency variations;
(b) metastability detection window variations; (c) different supply voltages
from 0.4 to 1 V; and (d) 30 different dies.

Fig. 13.     NoC is measured under two typical data traffic patterns: (a) hotspot
pattern and (b) bit transpose pattern.

Fig. 14. (a) Measured metastability condition rate when disabling and
enabling MPAM across 13 frequency ratios. (b) Reduction of metastability
condition rate across clock frequencies.

To investigate the capability of MPAM for mitigating
metastability, we measure the metastability condition rate
under a variety of clock frequency relationships. According
to the design constraints, the tunable delay units in the
MPAM are designed to support 13 typical frequency ratios
just like [18]. As shown in Fig. 14(a), we measure the
NoC under these supported frequency ratios when disabling
MPAM and enabling MPAM. PE0     operates under 0.4 V
and 1 MHz. The clock frequency of the sender PE, i.e.,
fTX , is swept from 250 kHz to 4 MHz. For each frequency

ratio, we considered the frequency variation of ±100 ppm
for f TX  and measured the average metastability condition
rate. When disabling MPAM, the metastability condition rate
increases from 0.15% to 2.4% as increasing the frequency
ratio. While enabling the MPAM, the NoC is measured to
have zero metastability condition and error during 1013-bit
data transmission, indicating that MPAM can reduce the
metastability condition rate by at least ten orders of magnitude.
As shown in Fig. 14(b), we further measure the reduction
of metastability condition at 0.4 V  across a wider frequency
range. When sweeping both f TX and f RX from 250 kHz
to 1 MHz, for most     f TX       and     f RX       pairs, the MPAM
can still meet the timing constraints (see Section III-C),
thus reducing the metastability condition rate by >1010 times.

However, the tunable delay cells are not designed to meet
the timing constraints of all frequency ratios since the required
delay under some frequency ratios is very small. For example,
for the frequency ratio k =  f TX / f RX ≈  950 K/1000 K,  the
required delay range should be 0.3 FO4 −  0.38 FO4. In such
cases, the MPAM can only reduce the metastability condition
by �102–105 times. To avoid data errors, we can either expand

the delay range of the tunable delay cells further or use the
error signal by the shadow synchronizers to initiate packet
retransmission as [18] does.

Since MPAM relies on the advanced prediction of metasta-
bility conditions rather than accurate metastability detection,
MPAM is robust against variations. When the frequency ratio
is near 1/2, MPAM can maintain 1010 times of reduction in the
metastability condition rate even when the clock frequency has
±100-ppm variations [Fig. 15(a)] or the metastability detection
window WI has ±20% delay variations [Fig. 15(b)]. As shown
in Fig. 15(c), the metastability condition rate increases greatly
as the supply voltage scales down without MPAM. Enabling
MPAM reduces the metastability condition rate by >1010times
under 0.4–1 V. As shown in Fig. 15(d), MPAM maintains the
performance across 30 dies.
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Fig. 16.      Packet latency under the hotspot and bit transpose traffic pattern
with: (a) and (c) different synchronizer stages and (b) and (d) different data
injection rates.

Due to the significant metastability condition mitigation
capability of MPAM, we aim to replace the conventional
multistage synchronizer in NoC with only one flip-flop to
reduce packet latency without scarifying reliability. For a

conventional NoC with a multistage synchronizer, we found
that the synchronizer typically needs to have three or six stages
to achieve enough MTBF (i.e., 105 h) for applications like
drones [see Fig. 2(b)]. As shown in Fig. 16(a), when the NoC
operates under the hotspot data pattern, the packet latency
increases linearly with the increase of the synchronizer’s stage
number. With a 10% packet injection rate, the MPAM-enabled
NoC configured with the one-stage synchronizers reduces the
packet latency by 34.5% (58%) as compared to that under a
3(6)-synchronizer. When increasing the packet injection rate,
as shown in Fig. 16(b), the average packet latency first keeps
constant and then increases due to packet congestion in the
NoC. At a 100% packet injection rate, since the latency is
not dominated by the synchronizers but by the congestions,
the MPAM-enabled NoC reduces the latency by only 4.7%
(9.3%) as compared to that under a 3(6)-stage synchronizer.
When the NoC transmits data under the transpose data pattern,
as shown in Fig. 16(c), the packet latency is dominated by the
synchronizers. As shown in Fig. 16(d), the MPAM-enabled
NoC reduces the latency by 33.3% (55.6%) as compared to
that under a 3(6)-synchronizer with different packet injection
rates.

The MPAM also helps to improve the throughput of NoC by
reducing the synchronization stages. As shown in Fig. 17(a), at
a low packet injection rate, e.g., 10%, the throughput is less
related to the synchronizer stage. As the data injection
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reduce the metastability condition greatly by 1010 times in
a multi-V/F domain NoC at 0.4–1 V. It enables a single flip-
flop for low-latency synchronization during CDC. MPAM also
improves the throughput and energy efficiency of NoC.

Fig. 17.      Throughput of NoC under: (a) hotspot traffic pattern and (b) bit
transpose traffic pattern.

Fig. 18. MPAM improves energy efficiency, latency, and throughput of NoC
across supply voltages.

rate goes up, the packets tend to be congested in the hotspot
router (i.e., R0 ). Since reducing the synchronizer stage can
help quickly grant the FIFO access, the MPAM-enabled NoC
shows 7.4% (13.4%) higher throughput than that of the
3(6)-stage synchronizer. As shown in Fig. 17(b), the
throughput of the NoC with the bit transpose traffic pattern
increases linearly with the increase in packet injection rates.
Since the NoC has no packet congestion under the bit
transpose pattern, it maintains the throughput under different
synchronizer stage numbers.

MPAM can improve the throughput and energy efficiency
of NoC from NTV to super-threshold voltage. As shown
in Fig. 18, when the NoC operates under a supply voltage
of 0.4–1.0 V, the MPAM reduces the latency by 31.8%
and improves throughput by 8.87% at 0.4 V, and it can
also effectively reduce the latency by 24.7% and improve
throughput by 7.4% at 1.0 V. Despite the MPAM hardware
bringing extra power overhead, the improved throughput
reduces the data transmission time, thus also benefiting system
energy efficiency across supply voltages.

Finally, Table I  summarizes the comparisons of recent
NTV NoC works. Prior works [2] and [23] optimize system
performance by detecting setup violations or adopting an
intelligent task scheduler, which is orthogonal with our pro-
posed scheme. Vivet et al. [24] proposed a distributed scalable
NoC to provide low latency and flexible communication
among chiplets. However, its CDC latency is still a critical
part of packet latency. Metastability condition detection and
correction (MEDAC) [18] performs post-metastability clock
modulation to reduce the metastability condition rate by three
orders of magnitude but increases the latency. In addition, as
MEDAC requires data retransmission when detecting the
necessary metastability conditions, it tends to overly ask for
data retransmission, hurting system throughput. In contrast,
MPAM performs metastability prediction and mitigation to

V I . CO N C L U S I O N

In this article, we propose the MPAM technique to mitigate
the metastability risks and reduce the excess synchronization
latency during data transmission among multiple V/F domains,
especially for NTV operations. We prototype a 2 ×  2 GALS
NoC test chip that includes four independent V/F domains
using the proposed MPAM technique in a 40-nm CMOS LP
process. The MPAM reduces the metastability condition rate
by at least 1010 times, thus enabling a single flip-flop for
synchronization during CDC without hurting the reliability
against metastability. As a result, the MPAM-enabled NoC
reduces packet latency by 34.5% (58%) as compared to that
of a 3(6)-stage synchronizer. It also benefits the NoC under
heavy data traffic in terms of throughput by 7.4% (13.4%)
and energy efficiency by 3.5% (8.6%). The area overhead of
MPAM is only 3.4%.
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