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Topics

• Synchronous versus asynchronous circuits
– as in “clocked versus clockless circuits”

• Synchronization in circuits
• Arbitration in circuits

• Acknowledgements
– Ron Ho (Sun Microsystems Inc)
– David Kinniment (Univ of Newcastle)



 SML2008-0422  3

• Clocked versus clockless
• The first computers: clocked or clockless?
• ENIAC(’46), ACE(’46), EDVAC (’46)
• Enablers for clocked design: Boolean Algebra and FSMs
• A big problem in early days: making reliable computers
• Clock is convenient in design and verification
• Terminology: “synchronous vs non-synchronous”

– asynchronous
– speed-independent
– self-timed 
– delay-insensitive

A Historical Perspective
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Clocked Circuits

• Clock defines clock period for its clock domain
• Simple chips have one or a few clock domains
• Complex chips have many clock domains

– e.g., one per core or functional unit
• Many clock domains may communicate through asynchronous 

network: Globally Asynchronous Locally Synchronous (GALS)
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Some Problems

• How to distribute a clock reliably over a large chip?
• How to communicate reliably between clock domains?

– Between domains with independent clocks
– Between clock domains where clock frequencies are related
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Principal Goal of Clock Distribution

• We need to distribute a stable clock across a die
– Ideally skew is zero
– Ideally jitter is zero
– Ideally skew and jitter are insensitive to Process, Voltage, and 

Temperature (PVT) variations 
– Ideally clock is phase-aligned with external input clock
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Principal Goal is Difficult

• Uncertainty in the clocking network appears everywhere!
– Affects skew, jitter, and duty cycle of the delivered clock
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Hybrid: Trees Driving Grids

• Reduces skew
– But consumes lots of power
– IBM Power4 in 0.18µm consumes 70% power in clocks and 

latches

Source: Anderson ISSCC 2001 Source: Restle ISSCC 2001
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Synchronizers and Arbiters

Synchronizer
     Decides which clock cycle 

     to use for external input

Arbiter
Decides which input to take first

Synchronizer and arbiter may take an unbounded time to decide
Synchronizer may fail to decide within clock period
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Metastable Behavior

Metastable state

Stable state “0” Stable state “1” 

Occurs surprisingly often in everyday life
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History of Metastability

• Abu HamidIbnMuhammad IbnMuhammad al-Tusi al-Shafi’i al-
Ghazali  ~1100 AD
– On “free will” and choosing between equally beautiful brides

• Jehan Buridan, Rector of Paris University ~1340 AD
– Buridan's Ass

• Early computer pioneers
– Lubkin 1952, Catt 1966
– Chaney, Littlefield, Molnar 1966/72

• Metastable behavior cannot be avoided in synchronizers and 
arbiters
– Many engineers have tried!
– But probability of failure can be made arbitrarily small
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Why Does It Matter?

• Systems are globally asynchronous
– 4x increase in global asynchronous signalling by 2012
– 8x by 2020 [ITRS 2005]

• And locally synchronous
– Many different clocks
– Many synchronizers
– Need to know reliability of synchronizer
– Synchronization adds latency to communication time
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Calculating MTBF

• MTBF(t) = Mean Time Between Failures,
– where synchronizer fails to reach a decision within time t

 
•

• τ = metastability resolution constant (depends on circuit)
• Tw = metastability window (depends on circuit)

MTBF t = e t /

f C∗ f D∗Tw
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An Example

• Two independent clocks, each 1GHz (approx)
– So f

C
 = 109 and f

D
 =0.5*109 (on average data changes every 

other clock cycle)
• Synchronizer with 

– τ = 25 ps and  Tw = 25 ps ( i.e. 1 FO4 in 90nm)
• Settling time t = 35* τ (= 875 ps)  
 
•

• Is this reliable enough?
• How do you measure τ and Tw reliably?

MTBF 35= e35

109∗0.5∗109∗25∗10−12

MTBF 35=1.27∗108 s=4 years
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Don't Synchronize If You Don't Have To

• When two clock domains have the same frequency and you know 
max relative phase difference. 

• Max phase difference determines capacity of FIFO.
• Similar when clocks are fractional multiple of each other
• Only synchronization at start, not every clock cycle
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• Speed
– Average vs worst-case behavior

• Avoid  timing problems related to clock
– Crossing clock domains, synchronization problems 
– Clock distribution, skew, jitter

• Modularity
– Reusability
– Incremental improvement
– Ex: “Macromodules Project” (Clark & Molnar), “Self-Timed 

Systems” (Seitz)

Why No Clock?
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• Low power
– Portable electronics
– Budget constraint: total energy, not cycle time

• Architectural freedom
– Concurrency at any grain size

• Robustness
– Correct operation over a large range of process, voltage, 

and temperature variations
• Reduced electromagnetic radiation

– Spread spectrum versus isolated peaks

More: Why No Clock?
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• FIFOs as a basis for pipelines
• Simple local communication

• Red plates move to the right
– Red plates are data items

• White plates move to the left
– White plates are often “empty stages”
– But can be data items as well

Example: FIFOs
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• Synchronization at each boundary
• Only one rule:

Local Communication

IF ( left plate is red AND right plate is white ) 
THEN exchange plates

instantaneous
event
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• There are many circuits to implement this synchronization 
– Muller C-elements
– GasP modules
– Many others...

• Challenge is to design circuit family that is efficient and versatile
– Small delay
– Small area
– Little energy consumption
– Can do pipelines with Branch, Merge, Fork, Join

• Each circuit family has different signalling conventions
– Bundled data: Control (clock) says when data must be valid
– Validity embedded in data encoding

Many Implementations
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Bundled Data Signaling

• Request indicates arrival of red plate
– Request is bundled with data
– Request indicates validity of data  

• Acknowledge indicates arrival of white plate 
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About Bundled Data Signaling 

• Control modules produce “clock” signal
– when needed 
– where needed

• Implementation is similar to clocked design, but with local “clocks”
– Max and min-time constraints remain

• When data path has logic, insert extra delay in request wire that 
matches delay in logic
– Often matched delay is worst-case delay
– Matched delay may depend on data, if overhead is low 

• Use of flip-flop or latch depends on signaling scheme
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Two-Track Four-Phase Signalling

• Two-track: separate wire for Request and Acknowledge
• Four-phase: four transitions in cycle
• Also known as “return-to-zero” signalling
• Fits well with standard logic gates
• Many variations exist
• Often has long cycle time
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Two-Track Two-Phase Signaling

• Two-phase: two transitions per cycle
• Also known as “transition” signalling
• Uneasy fit with standard logic gates
• Short cycle time for simple pipelines

– Long cycle time for anything else
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Single-Track, Four-Phase Signalling

• Combines best of both worlds
– Fits with standard gates
– Short cycle time

• Uses one tri-state wire, which needs keeper
– Watch out for noise issues
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• Also known as Rendezvous or JOIN
• David Muller (60s)
• If both inputs are 1 (0), then output becomes 1 (0)

– If inputs differ, output remains the same
• C-element = “AND” of transitions

Muller C-Element
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Synchronization with C-Element

• Uses two-track, two-phase signaling
• Every transition counts
• Just control:
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• A simple micropipeline (Sutherland 88)
• Data must be stored with every transition

– Makes data path more complex
• Cycle time is 5 gate delays

– An optimized version has cycle time of 3 gate delays

A C-element FIFO
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• Forward latency of stage

• Reverse latency of a stage

• Cycle time of a stage: Lf+Lr
• Forward latency of linear FIFO: n*Lf
• Reverse latency of linear FIFO: n*Lr
• Throughput of FIFO: 1/(Lf+Lr)

About Speed
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• Throughput of ring FIFOs
• “Token-limited”

– Red plates never have to wait 
– Throughput determined by Lf
– And # red plates

• “Bubble-limited”
– White plates never have to wait
– Throughput determined by Lr 
– And # white plates

• Limited by an interface stage
– Interface stage acts as bottle neck
– Throughput = throughput interface stage

Measuring Speed
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• Measurement from chip, asP* FIFO (600nm, 3.3V)

Speed Example

token-limited bubble-limited
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• Measured from chip, asP* FIFO (600nm, 3.3V)
• Power proportional to throughput!

Power Example
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• Max throughput vs supply voltage and temperature
• C-element FIFO (600nm, 3.3V)

Robustness



 SML2008-0422  34

• Frequency spectrum of the same chip operating in sync and 
async mode

Reduced Radiation
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• Can more freedom lead to better FIFOs?
• Better = lower power?
• Better = less latency?
• More concurrency?
• Different grain sizes (i.e. cycle times)?

Architectural Freedom
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• The idea:

• What is energy consumption?
• What is latency?
• What is cycle time of leaf cell (compared to root cell)?

A Non-Linear FIFO
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• Clocked circuits will abound
• Research on clockless circuits at various places 

– Sun Microsystems, IBM, Intel, ..
– Startups: Handshake Solutions, Fulcrum Microsystems, 

Achronix, ..
– Academia: Caltech, Univ of Manchester, .. 

• Many challenges remain for clockless circuits
– CAD tools
– Education
– Creating order in “chaos of concurrency”

Concluding Remarks


