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Figure 2.15: Synchronizer design with two concatenated flip-flops.


a synchronizer flip-flop is measured for a Virtex-II Pro FPGA. The conclusion
 is that if a two flip-flop synchronizer is used the metastable delay can safely be
 ignored for speeds below 200 MHz. It also states that for this conclusion to hold,
 the routing delay between the two flip-flops should be minimized. The MTBF
 is a statistically defined value and is calculated by the following formula:


M T BF= eK2·τ
 F1·F2·K1


where F1 is the frequency of the clock input of the flip-flops, F2 is the 
 fre-quency with which the asynchronous input changes,K1 is a device dependent
 constant describing the likelihood of going into metastability,K2 is the time 
 in-terval available for resolving the metastability, andτis a device dependent time
 constant. Note that the formula assumes that the changes of the asynchronous
 input is uniformly distributed over the clock period. The formula is equivalent
 to the one presented in [27]. It has not been possible to find information 
 target-ing the Virtex-5 FPGA, but it is expected that due to the newer process used
 the MTBF is further improved.


In the implementation of the synchronizer the two flip-flops should be placed
 in the same slice component using therloc constraint to minimize the routing
 delay between them. Details on the use of rloc is found in section 2.6.3. The
 implementation is found in appendix A.5.1.4 (p. 131).



2.6 Controlling Timing


Controlling timing is vital for any digital design. In asynchronous designs the
 delay matching process is highly dependant of the ability to control path delays
 in the design.


In section 2.6.1 the predictability of the delay elements is investigated through
a series of simulation experiments. In the Xilinx design flow the preferred way
to control timing is by assigning timing constraints to the design. The ability
to use these timing constraints on asynchronous designs are explained in section
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2.6.2. Another method which can ease the delay matching process is the ability
 to create design macros with repeatable timing metrics. This method is called
 relationally placed macros. Some problems have been encountered for creating
 relationally placed macros of asynchronous components. Section 2.6.3 explains
 this.



2.6.1 Delay Element Experiments


The delay element presented in section 2.5.3 does not give fixed delay lengths
 for a given size. Even though the delay through a LUT is fixed for all LUTs
 on the FPGA, variations in the wire routing will lead to variations in the delay
 produced by the delay element. In this section a number of experiments based
 on post place and route simulations of the delay element will be presented.


The purpose of the experiments is to document a number points:


• How large is the delay of a delay element of a given size.


• How predictable is the delay of a delay element, i.e. how large are the
 fluctuations of the produced delay of delay elements with equal sizes.


• How the use of placement constraints affects the predictability.


• If changing the size of a delay element will affect the timing of the 
 datap-ath, such that the delay to be matched will change.


To investigate if the context in which a delay element is used affects the 
 pre-dictability, the delay element simulations are performed in two scenarios:


• Delay elements alone.


• Delay elements instantiated in a larger design.


By simulating the delay elements in a larger design the fluctuations of the delay
 of the datapath can be measured.


For the simulations where the delay elements is instantiated in a larger design,
the measurements are performed on the delay elements in a FIFO stage of the
NoC router presented in section 4.2. The FIFO stage is connected to an input
port of the router and the depth of the FIFO is one. No IO buffers are inserted
when the design is implemented. A simulation module is used to send data
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into the FIFO. Only measurements on the rising edge of the request signals are
 performed.


After the delay simulations was performed an error was discovered in the design
 of the FIFO stage.2 Therefore, the FIFO stage presented in section 4.2 differs
 from the one used for the delay simulations. This does not affect the conclusions
 about the delay simulations, since the delay observations are general for any
 circuit.


The FIFO stage includes three delay elements; one for each of the three request
 signals. Figure 2.16 shows the section of the FIFO stage used in the simulations.


In the rest of this section the following results will be presented:


• The ratio between gate delays and wire delays in the delay element.


• Comparison of the delay produced by a placement constrained delay 
 ele-ment and an unconstrained delay eleele-ment when simulated alone.


• The same comparison but with the delay elements instantiated in a NoC
 router.


• Correlation between the size of the delay elements and the delay to be
 matched in the datapath. Changing the size of a delay element affects the
 overall placement of the design, resulting in variations in the delay to be
 matched.


When the delay element is simulated alone, there is no wire delay on the input
 signal, because it is the only component in the design. For the simulations of
 the FIFO stage the delays are measured from the output of the C-elements to
 the output of the delay element, i.e. the wire delay between the C-element and
 the delay element is included in the measurement. The delay which the delay
 element must match are measured from the output of the C-element to when
 data is stable on the output of the latch. In the simulations the size of the
 delay elements are varied from 2 to 30 LUTs. Since each FIFO stage includes
 three delay elements, three independent measurements can be made from each
 simulation. Both post map and post place and route simulations are presented.


Because a post map simulation does not include wire delays, the post map delay
 will be the same for all equal sized delay elements.


The simulation results with delay elements alone are shown in figure 2.17. The
 constrained graph is for the delay element where the LUT placement has been


2The latch was wrongly set to be opaque when EN = 0. The latch should be opaque when
EN = 1.
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Figure 2.16: Section of the FIFO stage used in the simulations.


constrained as shown in figure 2.13 on page 21. The unconstrained graph is
 a delay element where rloc constraints have not been applied. The post map
 graph is completely linear and satisfies the equation


delay= 80·size


which agrees with a LUT delay of 80 ps, as specified in the data sheet. Using
 linear regression to approximate an equation for the post place and route delays
 in figure 2.17 (forced through (0,0)) gives


delayunconstrained= 352·size
 delayconstrained= 478·size


The gate delay only constitutes from 18% to 23% of the total delay giving 
 ap-proximately a 1:5 ratio between gate and wire delays. In the Xilinx Constraints
 Guide [29] it is stated that the routing delay typically accounts for 45% to 65%


of the total path delay for a combinatorial circuit. So the contribution of the
routing delay is larger than expected. Constraining the placement of the 
de-lay LUTs results in an average increase in the resulting dede-lay of approximately
35% The predictability of the unconstrained delay element is quite good, with
only small fluctuations in the delay. The constrained delay element is even
better with almost no fluctuations. The small fluctuations for the constrained
delay element can be explained by the fact, that even if the LUTs in the delay
element are constrained to a specific slice, the internal placement within the
slice can still vary, and also the chosen routing between slices can deviate from
one another. The conclusion of the simulations of the delay elements alone is
that the predictability is improved for the placement constrained delay elements
compared with the unconstrained delay elements but the unconstrained delay
elements still produces fairly predictable delays. The constrained delay elements
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Figure 2.17: Simulations of a single delay element, with and without placement
 constraints.


produces larger delays for the same size, due to the longer routing caused by
 the placement.


Figure 2.18 shows the simulation results for the delay elements in the FIFO
 stage. A stage has 3 request signals: rh, ri, and re. Figure 2.18(a) shows
 the simulations with the unconstrained delay element and figure 2.18(b) shows
 the simulations for the constrained delay element. Comparing the unconstrained
 delay element when it is inserted in a larger design and when it is simulated alone
 shows comparable predictability for small sizes. For larger sizes significant delay
 fluctuations are observed. An increase in the size of 2 results in a single case in
 an additional delay of more than 6 ns. For the constrained delay element the
 produced delays are free from such large fluctuations. Both the unconstrained
 and the constrained delay element produces larger delays when inserted in a
 larger design compared with the single case. The reason for this is the extra
 wire delay from the output of the C-element to he input to the delay element.


Variations of this wire delay can also explain the decreased predictability of the
constrained delay element. Constraining the placement of the delay elements
increases the predictability of the delay when the delay element is used in a larger
design. It is expected that the fluctuations of the unconstrained delay element
will be even more noticeable for larger designs with a higher LUT utilization
ratio.
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Figure 2.18: Delay simulations of a FIFO stage. (a) Using unconstrained delay
elements. (b) Using constrained delay elements. (a)
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Figure 2.19: Delays in the datapath to be matched.


When performing delay matching of a circuit, changing the size of a delay 
 el-ement will affect the delay that the delay elel-ement should match. In fact, even
 a small change in the design will affect where logic is placed thus altering the
 routing and thereby changing the timing parameters. To investigate how 
 signif-icant this effect is the size of the delay element versus the delay to be matched
 in the datapath has been measured. For the simulations the same setup as in
 figure 2.16 has been used with a complete router design. The measurements are
 shown in figure 2.19. The x-axis is the size of the delay elements and the y-axis
 is the time interval from when the request signal is asserted to the output of
 the latch is stable. The graphs show fluctuations in the delay to be matched of
 more than 3 ns. This indicates that extra overhead is needed when a circuit is
 delay matched to account for delay fluctuations in the datapath.



2.6.2 Timing Constraints


In the Xilinx design flow the preferred way to control timing is by assigning 
 tim-ing constraints to the design. This section will describe the timtim-ing constraints
 that are available to control the timing of a design.


The guidelines for assigning timing constraints provided by Xilinx are found in
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the Xilinx Constraints Guide [29]. Two groups of timing constraints exists:


Global timing constraints affects all paths in the clock domain. Global 
 tim-ing constraints are used to specify global constraints for clock signals,
 input/output pads, and combinatorial pin-to-pin paths. They are most
 commonly used on clock signals.


Specific timing constraints are assigned to a specific path in the design. A
 specific timing constraint can either be a static path constraint or a 
 multi-cycle path constraint. A multi-multi-cycle path constraint is used when the
 timing of the path between two registers must be constrained to a multiple
 of the register clock. A static constraint is assigned to a pad-to-pad path
 without registers.


All timing constraints are assigned in the UCF file and is applied after synthesis.


To constrain a clock net it must be assigned a name using the tnm_net 
 con-straint and the desired clock period are assigned to the clock net using the
 timespec periodconstraint. The design tool will try to optimize the datapath
 to meet the timing constraint applied to the clock net. If there is not specified
 any global clock constraints the design tool will identify possible internal clock
 signals in the design and perform optimizations according to these local clocks.


This is referred to as Performance Evaluation mode by Xilinx. Performance
 Evaluation mode is only used when Timing Driven Packing and Placement is
 enabled in the mapper. Timing Driven Packing and Placement is one of the
 phases of the Xilinx mapping process. For older platforms, than the Virtex-5,
 timing driven packing and placement was optional, but for the the Virtex-5 it
 is a required step of the mapping process [32]. In an asynchronous-only design
 there will typically not be any global clock constraints. Therefore the designer
 should be aware of the optimizations performed when Performance Evaluation
 mode is active.


The static path constraints are the only constraints that are not related to a
 clock, therefore they are the only timing constraints applicable to asynchronous
 components. When assigning a static path constraint the pad-to-pad delay must
 be constraint to an absolute time period, e.g. 10 ns. Because timing constraints
 are assigned to the design after synthesis, the process of assigning constraints to
 all instances of a component can be cumbersome since all the pin-names must
 be identified in the post-synthesis net-list.


Static path constraints could be used in the delay matching process. The 
com-binatorial delay experienced by the data signals could be constrained to a 
rea-sonable time period. The delay element should then be dimensioned according
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to the constrained delay. The problem with this approach is to determine how
 large the constrained delay should be. It will be hard to avoid a large 
 over-head of the constraint delay, and as a result wasting area and degrading 
 perfor-mance due to oversized delay elements. To avoid over-constraining the delay a
 cumbersome iterative process of design implementation, delay constraining, 
 re-implementation, and delay re-constraining must be applied. This must be done
 individually for all constrained paths in the design. Nonetheless they use this
 approach in Aspida [13]. This is manageable because the Aspida design only
 contains five delay elements and a well-defined datapath with a priori 
 knowl-edge of the combinatorial delay from the synchronous implementation. In the
 MPSoC system presented in chapter 7 the number of delay elements exceeds
 200. Therefore this approach has been abandoned.


The overall conclusion is that the available timing constraints are not very well
 suited to control the timing of large asynchronous systems. Due to the manual
 process of assigning the timing constraints the process becomes too cumbersome,
 unless the number of constrained paths in the design is very small.



2.6.3 Relationally Placed Macros


For timing critical designs Xilinx provides a method for locking the internal
 placement of a subcomponent of a design. This method allows the designer to
 create a relationally placed macro (RPM) that can be instantiated in another
 design with repeatable performance and timing properties. An RPM is a 
 col-lection of FPGA primitives grouped together in a set in which the placement
 of each primitive is relationally constraint. This allows the placer to move the
 macro freely around on the chip area without touching the internal placement.


The relational placement of the primitives is defined using the placement 
 con-straintrloc. rlocis used to assign a primitive to a slice using slice coordinates,
 e.g. ”X0Y0”. The slice coordinates was described in section 2.4 (p. 9). If 
 an-other primitive is assigned to the slice ”X1Y0”, the two primitives will always
 be placed in slices next to each other column wise, however nothing is 
 speci-fied about their absolute placement. A guide describing how to create an RPM
 manually is found in an article from the TechXclusive Xilinx magazine [9] and
 details about therlocconstraint is found in the Xilinx Constraints Guide [29].


RPMs can be created using two different approaches:


• By manually assignrlocconstraints to FPGA primitives in the design.


• Using Floorplanner to create an RPM from a place and routed design.
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The manual assignment ofrloc constraints is done in the HDL code. A major
 drawback of this approach is that it can only be used for FPGA primitives
 directly instantiated in the design. rloccannot be applied in HDL to primitives
 inferred by the design tools. Obviously this approach is only useful for very small
 macros. In this project this approach is used in the delay elements in section
 2.5.3, in the mutex in section 2.5.2, and in Petrify circuits in section 2.7.2.


The Xilinx Floorplanner tool is able to create an RPM macro based on a placed
 and routed design. After place and route the design is loaded into Floorplanner,
 which extracts the relative placement of all primitives as rlocconstraints and
 writes them to the UCF file. The netlist and UCF file is then combined to a
 macro file, which can be instantiated in another design as a black box macro.


Detailed information about the RPM creation process can be found in the Xilinx
 Application note in [31] and in the Floorplanner documentation [30].


When designing an asynchronous system it will be highly desirable to be able to
 delay match small subcomponents individually and then create an RPM macro
 component with locked placement. When connecting several RPM macros only
 the routing between the macros will be able to inflict incorrect timing. To create
 an RPM of a subcomponent the Floorplanner approach must be used, unless the
 subcomponent solely consists of instantiated FPGA primitives. Unfortunately
 it has not been possible to successfully create an RPM macro of an asynchronous
 design using Floorplanner. In the following the problems encountered will be
 explained.


When Floorplanner is used to extract the relative placement of the design 
 prim-itives it does not include all primprim-itives present in the design. Some primprim-itives
 are present in the Floorplanner design hierarchy but are unplaced. Other 
 prim-itives are not even present in the Floorplanner design hierarchy even though
 they are present when the design is loaded intoFPGA Editor. It has been 
 de-termined that all problematic primitives are LUTs which is marked as “route
 throughs”. A LUT is used as a “route through”-LUT to let a signal get access
 to slice resources that is only accessible through a LUT. This situation may
 arise if the internal slice signal dedicated to bypass the LUT are already used
 by other logic. Because a “route through” does not perform any function in the
 design but is solely used as a routing resource, it may be the reason that it is
 not included in the RPM. However, it has not been possible to find any Xilinx
 documentation to support this theory. Consequently all C-elements are marked
 as “route throughs” LUTs and thereby not included in the RPM macro. The
 marking of a C-element as a “route through” does not really make any sense.


As C-elements are a vital part of any asynchronous circuit it is crucial to 
in-clude them in the RPM. Also simple mux’es and demux’es have suffered from
the same problem. Even a strictly combinatorial demux circuit is found to give
trouble. It has been tried to rewrite the HDL code to see if that could solve the
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