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Abstract— Clock domain crossing increases latency with growing number of asynchronously clocked cores in modern systems. 
The phenomenon of metastability is commonly present in clocked digital logic. Metastable events are impossible to prevent but 
can be reduced to some extent by using a synchronizer circuit. There are many techniques that minimizes metastability with 
latency  for crossing clock domains and asynchronous inputs. The paper discusses a speculative technique that reduces 
synchronization latency by using synchronizer as a state machine. The verification is done through a field programmable gate 
array and applied to number of benchmarks. 
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I.  INTRODUCTION  

    The data originating from the writers clock should be  synchronized to the readers clock to make sure that data arrives at correct 
time. Therefore the data exchange among two independent clock domains should be synchronized. The receiver is always at a risk 
of failure if the senders request arrives at a bad time. This causes flip flops to become metastable. It is not possible to prevent 
metastability failures completely but can be reduced to some extent by using a synchronizer circuit[4]. 
    The simplest synchronizer comprises two flip-flops. Metastability[1] may occur at the first flip-flop. It requires full clock cycle 
for the metastability to settle. By increasing the clock period  MTBF[2] can be increased which is the synchronization time. In a 
two flip-flop synchronizer the resolution of metastability is relatively slow, so it is unsuitable for high speed applications where 
clock frequencies are high. 

II. SPECULATION 

    An alternative strategy to mitigate synchronization latency is to use redundant hardware to perform speculative computations 
during synchronization cycles. This “hides” synchronization latency by overlapping it with an equivalent number of computation 
cycles. If computing an output based on an asynchronous input requires n synchronization cycles and m computation cycles[7], 
this method yields a processing time of max(m, n) cycles as opposed to m + n for conventional synchronization. This reduces the 
total latency to tb + T _max(m, n) where tb is the bundling delay  and T is the clock period. 
 
    Speculation[8] offers several advantages over conventional solutions to the problem of synchronization latency. First, this 
approach is entirely architectural and does not target the synchronization process itself. Therefore, it does not rely on any 
assumptions about the relationship between the communicating clocks and does not require fast metastability-resolving flip-flops. 
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Second, trading reliability and low-latency with duplicated hardware will be an increasingly-affordable option in future 
technologies because of the continuous growth of available design area. This is in contrast to the metastability-resolution 
performance of flip-flops which deteriorates with supply voltage scaling  and growing process variations and also the relative 
timing relationships which are becoming increasingly difficult to verify. 
       
 

III.  PROPOSED TECHNIQUE 

 Sequenced latching  

A. Pipelined stage 

     The scheme employs the synchronizer as a state machine to sequence a series of speculative latching operations. The 
synchronizer is constrained such that it fails to capture the following state when the setup condition of the data registers is not 
met. Therefore, corrupt register data is overwritten by correct values on the following cycle. The technique can be illustrated by 
referring to the pipeline stage in Figure 1 . 
The stage consists of a generic combinational block[5] C1, a register R1 and one synchronizing flip-flop S1. Assume that req and 
data are generated by an asynchronous sender that uses a two-phase handshake protocol and that old req is the value of req before 
the beginning of the handshake (this value is stored in a synchronous flip-flop). Further assume that the sender always asserts req 
after data by a sufficient time margin. When req transitions, R1 is enabled and latches C1(data) on the following clock edge. 

 
Figure 1. Pipelined stage 

 
Figure 2. Two stage pipeline 
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Figure 3. Pipeline state diagram 

 

 

Table 1: Decoding table 

 

    A sufficiently-long delay is introduced by the delay element d1. This delay guarantees that every time S1 captures a transition 
of req, R1 does the same, safely. Therefore, the behavior of the stage can be described as follows. At any cycle, if S1 captures a 
transition of req then R1 captures both data and req safely. Note that this pipeline does not prevent metastability nor the resulting 
failures from occurring for that is impossible. Each synchronizer flip-flop Si can still exhibit prolonged clock-to-q delays that may 
corrupt the data latched by pipeline register Ri+1. However every Si transition that is not safely captured by Ri+1 will be too late 
to be captured by Si+1. When any synchronizer flip-flop Si exhibits such a late transition, the synchronizer will remain in the 
same state for the following cycle and the pipeline will “stall” allowing Ri+1 to re-latch its input correctly before the latching 
sequence proceeds. These events happen relatively rarely and so the average number of cycles required to complete n latching 
operations remains approximately equal to n. In essence, this method uses the synchronizer as a state machine to control/sequence 
the flow of data through a pipeline and to overcome corrupt latching by inducing re-latch (stall) cycles. This is referred to as 
Sequenced Latching. 
 
 

B.     Non pipelined stage 

    The previous section describes a scheme to sequence a series of pipelined latching operations reliably during synchronization 
cycles. The scheme cannot be applied to non-pipelined designs because the intermediate latching failures can cause irreversible 
state corruption. This difficulty can be evaded by unfolding the design into an n-stage pipeline for n synchronization cycles. 
However, since corrupt pipeline stage data are automatically re-latched before enabling the next stages, an n-stage pipeline is not 
actually necessary. Instead, a 2-stage cyclic pipeline is sufficient. 
 
    This section extends the sequenced latching scheme to arbitrary designs by presenting a method to reliably sequence a set of 
latching operations in 2-stage cyclic pipeline. The solution involves unfolding the design into a functionally equivalent cyclic 
pipeline consisting of two stages and enabling them. 
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    In the example, a generic Moore machine[3] C, R has been unfolded into a cyclic pipeline consisting of two instances CO, RO 
and CE, RE (referred to as the odd and even instances respectively). Two signals, odd and even are derived from the intermediate 
synchronizer nodes: odd is asserted during the odd cycles of synchronization while even is asserted during the even cycle. 

 

 

Figure 4: cyclic pipeline and sequenced latching control logic 

 

Figure 5 : cyclic pipeline state diagram 
 
 
   While a req transition propagates through the synchronizer, odd and even are asserted in alternating cycles. The design instances 
are thus enabled alternately and complete a number of state transitions equal to the number of synchronization cycles. The 
propagation delays of the paths Si ! odd and Si ! even are constrained relative to Si ! Si+1 to satisfy two conditions. First, if the 
delayed transition of a synchronizer flipflop Si corrupts the following state, the synchronizer will not change in that cycle. This 
will cause a stall and allow the cyclic pipeline to re-latch the following state. Second, the existing state (in the other instance) is 
not corrupted during a stall cycle. 
 

C . Example 

   The handshake example in Figure illustrate how the cyclic pipeline in Figure behaves when a metastable state manifests. In this 
handshake, the sender makes data available on the bus and asserts req a sufficient time later (bundled data constraint). Req arrives 
close to clock edge 1 and causes S1 to become metastable. In the meanwhile, data has arrived sufficiently earlier and is latched by 
RO correctly. During the first synchronization cycle (following clock edge 1), the prolonged clockto- q delay of S1 causes a 
violation of the setup condition of the path S1 ! RE and corrupts the state latched by RE. However, this delayed transition is not 
captured by S2 on clock edge 2 (Lemma 3.4). Consequently, the synchronizer remains in the state (fS0, S1, S2g = 110) and does 
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not transition to the state (fS0, S1, S2g = 111). Also, the delayed transition of S1 is safely not captured by RO (Lemma 3.5). 
Therefore, the state of RO (state1) remains unchanged. In the following cycle, even remains asserted and RE re-latches state2 
correctly. In the two subsequent cycles, state3 andstate4 are latched by RO and RE respectively. The handshake is then complete; 
ack is asserted by the control block and output is valid. 
 

 
Figure 6: Handshake example 

 

IV.  FPGA IMPLEMETATION 

A. Tau Meaurement 

   Before running the benchmark, the parameter t of the used FPGA device was measured to obtain rough estimates of failures 
rates and tweak the system accordingly. This measurement was performed by implementing a flip-flop with an asynchronous 
toggling input and a delayed-transition detection circuit (Figure 7). The detector captures and compares the output of a flip-flop at 
the falling and rising edges of the clock. When the two samples are different, a metastable event is flagged. The settling time for 
the flip-flop under test is determined by the time between the rising and falling edges of the clock. The straight-line segment on 
the plot resembles the exponential drop in the number of metastable events as the the resolution time of metastability is increased 
. The parameter t is calculated as -1/slope. 
 

 

  

Figure 6: FPGA test bench schematic 
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Figure 7 :  Metastability detection circuit                           Figure 8 : Semi-log plot of number of number of   
                                                                                                    metastable events versus CLK-to-Q delay   

B. FUNCTIONALCORRECTESS

     Following the evaluation of t, the benchmark circuit shown in Figure (resembling the pipeline in Figure) was implemented and 
tested. The circuit consists of a twostage pipeline, a 4-phase handshake controller and several delay elements implemented as 
series of buffer-configured Lookup-Tables (LUTs). The circuit was connected to a simple sender consisting of a 4-phase 
handshake controller and generating an array of data values using an asynchronous clock. The propagation delay constraint is met 
by inserting the delay elements d1 and d2 whose delays are about 300ps each. 
Several profiling sub-circuits and counters were added to the benchmark system to characterize various events. Counters C1 and 
C2 count the number of times S1 and S2 become metastable . The clock’s duty cycle was adjusted to detect clock-to-q transitions 
beyond 0.1ns. Counters C3 and C4 count the mismatches between any values written to the pipeline registers and corresponding 
reference values computed using the same array of data that is generated asynchronously. The mismatch events counted by C3 
occur when the improper arrival time of req violates the setup condition of the path req ! R1. 
 
   Similarly, the mismatch events counted by C4 occur when the prolonged clock-to-q delay of S1 violates the setup condition of 
the path S1 ! R2. Finally, the events counted by C5 are the actual pipeline errors, i.e. the mismatches in R2 after the transition of 
req appears at the output of S2.  
 
 
V . Conclusion 
 
  Thus, proposed method outperforms other two speculative  method in terms of delay, area and low power.  
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