

















The four-to-two phase converter is shown in Figure 12. THatency of three transitions due to inverting the input data rails.
XOR gates that generatef andent are equivalent to the onesilt is roughly 3.252 larger than the WCHB circuit.
used in the buffer. Output validity is detected through a pair
of XOR gates and an and gate. The assignments in the HSE V. EVALUATION SETUP
have been implemented with latches. The timing constraintsa|| simulations are done with HSpice using model files

of the latches can be accounted for by the handshake and e 65 nm process. Wire capacitances are approximated by
half cycle timing assumption, with the exception of the holgqding a4fF capacitance to each output node. This amount of
time on enf/ent for the R//R* nodes. This hold time is setcapacitance is typical of short wires based on our observations
by the leftmost pair of XOR gates. Note, this is the equivalegf extracted layout in this technology. Gates are sized to have
of a three transition cutoff path in QDI circuits (see Guidelinghe drive strength of an inverter with its pmos width set to

1 at the end of Section 2). The solution is to implement thes@ |ambda units and its nmos width set to 10 lambda units
XORs as XNORs followed by an inverter. The latency of thgambda is defined as half the minimum gate length). All power

converter is three transitions in the worst case because of | energy numbers are based on total dissipated power.
need to invertZ/ and L!. The four-to-two phase converter is

about3z larger than a WCHB. [ Name [ Inputs | Outputs | Description |
and2 2 1 and gate
C. 2:4 Converter or2 2 1 or gate

) ) xor2 2 1 exclusive or

The following is the HSE for the two-to-four converter: fa 3 2 full adder

. benc 3 2 booth encoder

*x[[R® AL/ = XOR(R!, en) — R/ ABLE T
IRe A Lt = XOR(Rf, en) — R'17; BENCHMARK CIRCUITS USED IN EVALUATION. NOTE: THESE ARE

. DUAL -RAIL PIPELINED CIRCUITS.
en := —en; L° := en;

[-R°1; R/ |, R*|]

The benchmark circuits used in our evaluations are listed in
Table Il. Latency and cycle time numbers reported represent
the worst case. We measure the worst case by switching the
data rail with the slower stack. For example, the true rail in
the and2 circuit has one extra series nmos transistor, therefore
we exercise that stack in its simulations. The area reported is
the total transistor area of a circuit (the sumuatith length
of each transistor).

VI. RESULTS
A. HCHB Template
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Fig. 13. A two-to-four phase converter. %
It is difficult to generate the toggle ef, based on the values  E 40
of Rf andR! alone. They don’t contain any information about § 30
which sense of./ and L' caused them to fire. To remedy "t 20
this, we implement each data rail with two state holding gates 10 —
followed by a NAND gate, as shown in Figure 13. (This 0
technique is sometimes used in QDI circuits to break up the a g X & % Q
& x o <

load in a complicated pull down stack.) One node fires when
the transition is caused by | or L!1 and the other fires when Fig. 14. Forward latency of benchmark circuits across PCHEEIRE;, and

the transition is caused b¥ | or Lt |. With this information, HCHB templates.

we generate a pair of signals;0 anden1, which act like two ~ The latency of the five benchmark circuits for the PCHB,
phase data rails. Similar to the buffdré can be set based onPCEHB, and HCHB templates are shown in Figure 14. On
the XOR of these signals. This converter also has a forwaaslerage, the latency of the PCEHBG% less than the other
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circuit templates. The PCEHB is generally lower latency bere simpler. This suggests that HCHB can use even less area
causeR® and L¢ are combined in a separate c-element, rathbecause we can use smaller transistors for these fast transitions
than in the data rail stacks. The HCHB has a similar latency to match the frequency of the PCHB.

the PCHB except and2 and or2 circuits where 6% slower.

The pull down stacks in these circuits were augmented to wait 0.25
; P H ; pchb —3
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The energy per operation (or per cycle) of the benchmark

Fig. 15. Total transistor area of benchmark circuits acrossdB.@®CEHB, circuits is reported in Figure 17. The HCHB template consis-

and HCHB templates. tently uses less energy than the PCHB and PCEHB templates
Figure 15 shows a comparison of the total transistor araeross all five benchmarks. The HCHB template consumes

across the benchmark circuits. An interesting result is thgt% and 36% less energy on average than the PCHB and

the PCEHB is slightly smaller than the PCHB. Once agaiPCEHB templates respectively. This is a great result because it

this is attributed to its simpler data rail transistor stacks. Tli€ accompanied by significant area savings, a slight frequency

HCHB is about15% smaller than the PCEHB template andmprovement, and a negligible latency penalty.

20% smaller than the PCHB template on average. This is a

result of the simplified detection of input neutrality possibl8- Voltage Scaling

with the half cycle timing assumption.

Voltage vs. Dynamic Slack
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Fig. 18. Average dynamic slack of loWp, and DVHB templates across
Fig. 16. Frequency of benchmark circuits across PCHB, PCEHBHCHB  benchmark circuits.

templates. The average dynamic slack of loWpp and DVHB tem-
The HCHB template is consistently higher frequency thaplates across benchmark circuits is shown in Figure 18. The
the other templates across all five benchmark circuits, as selgmamic slack is calculated as twice the forward latency over
in Figure 16. On average, the HCHBi§; higher frequency the cycle time (for half buffers). The dynamic slack remains
than the PCHB. The PCEHB has a8 transition cycle time relatively constant foi’pp scaling. In the DVHB, the forward
and the HCHB and PCHB both haveld transition cycle latency remains constant while the cycle time increases which
time. However, the HCHB is higher frequency because mangsults in a decreasing dynamic slack. The throughput-optimal
of its transitions, especially those that detect input neutralityumber of tokens in a pipeline is proportional to the dynamic
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slack. This implies that the throughput of loops with a less Switch Width vs. Energy Reduction
than optimal number of tokens will improve with the DVHB 53 . . . . . . T
template relative to simply scalingpp. In such loops, the 5 |
voltage of the enable logic can be scaled somewhat without @
impacting performance. g otr
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Figure 19 displays the average power across benchmark
circuits for low Vpp and DVHB templates. Th&pp scaled g
circuit exhibits the expected cubic decrease in power with
supply voltage. The DVHB template doesn’t scale as well as

pureVpp scaling. The power doesn’t scale as well because its 4 6 8 10 12 14 16 18 20
data rails, forward path logic, and voltage converters remain Stages

in the high voltage domain. _ _
Fig. 21. Area overhead as the number of stages increase.

C. Two Phase Static Switching i ) oL .
) The main drawback to using the two phase switch is the high
In asynchronous FPGAs, programmable routing betweggs; of converting between two phase and four phase protocols.

logic clusters is made up of stages of the static switch showRe two phase buffer is abous% smaller than the two four

in Figure 10. In this experiment, we make this routing use Wehase buffers it replaces. The four-to-two phase converter is

phase logic by replacing the WCHB with an HC2PFB. In fach,. |arger than a WCHB and the two-to-four phase converter
we replace two stages of the WCHB switch with one stage @f 3 95, larger than a WCHB. Figure 21 tracks the area
the HC2PFB switch. This keeps the slack, latency, area, ag¢brnead of 20 stages of switches with varying widths. In an
cycle time roughly constant between the two impIementatiorb%synchronous FPGA, neighboring logic clusters are typically
There is some overhead incurred from the 4:2 and 2:4 ph%%‘?)arated by-8 stages of 4-wide switches. This would put the
converters at the input and output of the routing logic. Wereq overhead ats-20%. If the FPGA has direct connections
vary the number of two phase pipeline stages between thgggyeen neighboring logic clusters (a common optimization)
converters and measure the area impact and energy reducfit the minimum distance between two logic clusters that use
over the original WCHB version (where no converters aige routing network would be0-12 stages. In this case, the
needed). In addition, we vary the width of the individual,es overhead would drop to abalit0%. In addition, some
switches. of inputs are actually copies. The number of input converters

Figure 20 shows the energy reduction in the two phaggn pe reduced by pushing this copying into the two phase
static switch with increasing switch width. As the switch widthggic.

increases, more static muxing and programmable c-elements

are need to build the switch. As a result, more capacitance VIl. RELATED WORK

is switching each cycle. Intuitively, one would think that the Optimizing circuit templates by applying timing assump-

maximum energy reduction would 56%. However, each two tions has been explored in previous work. In [9], [11], an

phase buffer replaces two four phase buffers. Even in tradditional wire is added to the data channel to share validity
configuration, the two phase buffer is higher frequency. Asnd neutrality information between stages. A similar technique
a switch width of16 there is over &2% reduction in energy. can be applied to the HCHB to reduce logic for neutrality
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detection. We have chosen not to add an additional wire power consumption in a few ways. First, we developed the
the data channels for two reasons. One, successive stageladffcycle half buffer (HCHB) circuit template that reduces the
logic are often not immediately adjacent to one another. Whamount logic needed to generate enable/acknowledge signals.
they aren’t, channels are longer and the energy consumedrire HCHB template reduces area biy/% and energy by2%
switching them can account for ov86% of the total energy on average across our benchmark circuits. Second, we showed
for a stage. An additional wire would increase the switchinigow to fold voltage converters into the HCHB buffer. We also
in the channels by0%. Two, in an FPGA this wire would proposed the dual voltage half buffer (DVHB) to allow voltage
have to be statically routed with the rest of the wires in scaling on the enable/acknowledge logic (return path) while
channel. In this case, the additional muxing required wouleeping the data logic (forward path) in a high voltage domain
overshadow any potential area savings. to maintain a constant forward latency. Third, we presented a
A set of efficient protocol converters are presented in [8jvo phase buffer for use in global communication and static
Similar to this work, four phase logic is used for computatioswitching networks. This buffer was shown to reduce energy
and two phase logic is used for communication. A majon static switches by ove$0%. The overhead of a four-way
difference from our work is that the four phase logic onlgwitch over ten stages was shown to be abtiffo. This
supports a single data token at a time. The 2:4 and 4ferhead results from the four-to-two and two-to-four phase
converters share control logic. The input converter will natonverters, and it decreases as more stages are added.
receive another token until the current token has left the output
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