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Abstract—A novel self-timed communication protocol is based
on the phase-modulation of a reference signal. The reference signal
is sent on a number of transmission lines and the data can be recovered observing the sequence of events on the these lines. Employing several lines increases the number of states hence reducing
the number of symbols required for a transmission. A new encoding algorithm is described which generates symbol-dependent
matrices which are used to control the phase of transmission lines.
The protocol concept, the algorithm and analysis of the system, together with simulation results, are presented.
Index Terms—Digital communication, encoding, fault tolerance,
interconnects circuit interconnect.

I. INTRODUCTION
HE issue of fast and reliable communication fabric is
crucial for the successful design of systems-on-chip.
An approach to design of such a communication fabric is the
network-on-chip (NoC) [1]. The synchronization of blocks is a
nontrivial aspect of design and research has delivered interfaces
which are self-timed and speed-independent to address this
problem. An example of self-timed interface can be found in
[2], where the communication between two separate clock
domains is investigated. Transient errors due to cross-talk,
cross-coupling, ground bounce or environment interference
become more prominent as integration increases, and this effect
can be observed interconnect wires, as underlined by the work
of Dupont and Nicolaidis [3], [4]. Quoting Nicolaidis: “it is
predicted that single-event upsets (SEUs) induced by alpha
particles and cosmic radiation will become a cause of unacceptable error rates in future very deep submicron and nanometer
technologies. This problem, concerning in the past more often
parts used in space, will affect future ICs at sea level” [4]. This
motivates the fault tolerance approach to design. In [5] a novel
approach is proposed where, using a dual-rail scheme, the data
is sent using the phase relationship between two differentially
delayed copies of a reference signal. A mutual exclusion (ME)
element [6] can be employed as a PD for data recovery. In the
same paper it is shown that the use of such method introduces a
number of interesting characteristics which makes the approach
particularily robust to SEUs.
The system resembles a phase-shift-keying (PSK) communication channel. This communication scheme employs a number
of phases to encode data; the receiver clock is synchronized to
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the sender clock and the phase difference between symbols indicates the item of data being transmitted. This scheme is very
robust and allows for fast transmission; however, a direct implementation of the scheme for on-chip communication would
be prohibitively costly in terms of power and area consumption.
The scheme described in [5] uses only two lines and the phase
relationship is binary, in the sense that it is either greater or less
than zero. In order to obtain the same advantages of multiple
phases on-chip, in [7] the use of multiple-rail phase encoding
is proposed with a preliminary analysis of fault tolerance, bandwidth and design solutions for this communication scheme. The
use of several wires increases the number of states which can be
encoded in one symbol; it is shown that the use of phase-encoding over multiple lines increases dramatically the number of
bits per symbol, increasing bit-rate without a significant increase
in power consumption. Symbols are encoded using a new algorithm which generates unique symbol-dependent matrices. This
algorithm is of simple implementation and can be implemented
with little logic.
This paper describes the novel concept of phase-encoding
communication and highlights some useful characteristics of
this scheme: 1) as symbols are recovered only after all lines have
switched spurious transitions are filtered out improving robustness; 2) the fact that the spacers alternate increase fault detection; 3) using a number of wires greater than 4 the number of
bits per symbol is greater than using a parallel bus; and 4) because all wires switch when a symbol is sent, it is possible to
regenerate the symbol along a communication line to counteract
signal degradation over long wires. The remainder of the paper
is organized as follows. Section II describes the basic phase-encoding concepts; Section III discusses the issues related to the
design of repeaters for phase-encoding; Section IV provides
an analysis of fault detection. A discussion of link frequency
and bitrate achievable with phase-encoding links is provided in
Section V; Section VI compares the method with other protocols; an implementation example and simulation results are provided in Section VII; Sections VIII and IX finally conclude the
work.
II. PHASE-ENCODING CONCEPT
Dual-rail codes are designed in such a way that data is sent
across two lines rather than a single one. The data is encoded
by switching high or low one of the lines; the difference in level
represents a symbol. The traditional dual-rail protocol employs
a single spacer, whereby after each transmission of a valid bit of
data the bus returns to the zero state. In [8] the use of alternating
spacers is introduced and several implications with respect to
security (power signatures) are analyzed. The paper concludes
that the alternating spacer protocol (ASP) is good for security,
the circuits implementing it are easy to synthesize in standard
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Fig. 2. Example of waveforms for multiple-rail encoding.

Fig. 1. Example of waveforms for dual-rail phase encoding.

gates and the whole approach can be integrated in the standard
design flow. The protocol described in the present paper resembles the ASP, while retaining conceptual differences.
For the transmission method to work the sender and the receiver can be internally synchronous systems, albeit within uncorrelated clock domains; alternatively they can be fully-asynchronous blocks, or combinations of the two. The reference
signal is used for sending data on its rising and falling transitions. The data being sent modulate the phase of the reference
differently on each transmission line by controlling the variable
delay elements (VDE), as in Fig. 1(a). The receiver recovers the
data by comparing the phase of the two signals to each other.
Data values are encoded as the sign of the phase difference of
the reference signal on the transmission lines. Rather than measuring the phase difference, the receiver decodes the data by observing the sequence of events on the transmission lines. The receiver records the data upon the arrival of the first transition, but
the bit validity is recorded only when the next spacer settles on
the transmission lines. Therefore, the measure of interest is the
differential delay introduced by the VDEs, indicated here with
[Fig. 1(b)]. This differential delay introduces an event window
where an imbalance on the lines is present. The size of this event
window is determined by , which indicates the “nominal value”
for this window, and the jitter introduced by the channel on each
line . Provided that the system is able to reject transient faults
appearing outside the event window, one such fault will generate an error only if it happens within the window. Effectively,
we reduce the event window to a minimum in order to minimize
the effect of transient faults, while still recognizing data.
In order for the data to be correctly recovered, must be recognized at the receiver (but not measured); in [5], synchronization of the link is discussed and here we limit to remind that to
ensure reliability, the jitter introduced by the channel must be

in order to guarantee determintaken into account so that
istic behavior of the system. However, if is the clock period,
and therefore can be chosen so that
. The
value of can be estimated using various techniques [9].
The fact that valid data is recorded only when the next spacer
is generated (and therefore when both transmission lines have
changed status) has an important property: a hazard on one of
the transmission lines (generated by cross-talk, electromagnetic
interference, cosmic radiation) will not be recorded as data. This
is particularly important if several SEUs can be generated by the
environment; provided the events do not affect both lines at the
same instant, the system will ignore the error.
The concept of phase encoding can be extended to multiple
rail communication (Fig. 2). In general, multiple rail encoding
is achieved by switching a number of lines out of a number
of communication rails. The work of Bainbridge, summarized in
his thesis [10], describes the use of a single-rail bus to avoid the
overhead imposed by the use of multiple-rail bus implementations; however, he also proposes the use of 1-of-4 encoding [11]
as a possible improvement in terms of power efficiency.
The phase encoding method proposed in [7] is such that all
wires toggle during a symbol transmission and the receiver monitors the sequence of arrival of edges over the lines. Given a
number of available lines , assume that the delays introduced
onto the wires are all different, that is, no two wires present the
same delay. Then, the order of arrival in the ideal case (no noise
on the transmission lines) will correspond to one of states, as
the possible orders of arrival will correspond to the permutation
of different objects. These states can be therefore transmitted
as a single symbol on the wires. If the time difference between
each pair of edges is the time required to transmit a symbol
is ; therefore the frequency of the link cannot exceed
.
This is also the maximum frequency allowed on each line. A
more accurate description of link frequency issues is proposed
in Section V.
The system relies on the signals seen from the receiver’s
phase detector (PD) being aligned with respect to their relative
phase. This can deteriorate in long wires, as the cross-talk between the two lines is dependent on the coupling capacitance
of the wires, which in turns depends on their length. If however
the wires are routed differently, increasing the physical distance
between them, any mismatch in length and in number of vias
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would cause difference in wire resistance; the overall capacitance between the wire and the ground planes can also be affected if the wires “hop” across layers. These two effects result
in a mismatch between the time constants of the wires and therefore the required delay relationship will be corrupted.
The effect of cross-talk due to coupling capacitance on a multiple-rail channel has been described in [7]. A method to avoid
this problem consists in increasing the physical spacing between
the wires: the effects described in [7] referred to minimum-pitch
communication lines. Instead, increasing the pitch reduces the
effects significantly. As it might be expected, increasing the
spacing between wires decreases the maximum corruption almost linearly; increasing the width is less effective. From simulations obtained using Metal5 layer wires in a 0.18- m process
with a -model the maximum corruption was, in the case of minimum pitch, 64%; this was reduced to 34% if the spacing was
doubled and 33% if the width was also doubled. The nominal
input time separation was 100 ps.
III. REPEATERS
This section consists of a review of the material presented in
[12], with the aim to describe the issues involved with the successful design of an appropriate repeater for phase encoding.
The section does not provide an exhaustive discussion on the
design of such devices, rather it proposes a range of implementation solutions and highlights some of the most prominent problems enountered in the design of repeater devices.
As described in the previous section, the system relies on
the preservation of a given time difference between two related
events on two different communication lines: as described in the
previous section the assumption that the event separation is preserved along the path cannot be maintained. However, it is clear
that this assumption still holds for a short path, as the cross-talk
induced by each line on the neighbouring one is limited, thanks
to the limited coupling between the wires. Therefore, a method
to preserve the time separation between events is required in
order to enable long-distance signalling. We recall that with the
word “repeater” we intend a device which, given as input two
identical signals delayed by a variable amount outputs the same
signals with time delay always . In particular, in this work we
focus on the type of repeaters that will only perform the delay
correction if the input delay is less than the nominal delay . Interesting parallels can be drawn between this work and the work
described in [13], where the SURFING pipelining technique is introduced together with some circuit design for a soft latch and an
edge-to-pulse converter. Differently from the present work, the
main requirement for the SURFING interconnect technique is to
keep the travelling edges together; in the case described here the
edges must be kept separated by a given amount. Also in [13]
the edges may or may not occur, while in the phase-encoding
method all edges always occur when a correct symbol is sent.
Several possible implementations are possible for a repeater;
some types of circuits can be distinguished.
• Latch-based design, where the outputs are controlled by
latches which are on the “data path.”
• ME-based design where the MEs are on the data path.
• ME-based design where the MEs are not on the data path.
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Fig. 3. Conceptual latch-based design.

The designs can be implemented both at transistor-level and at
gate-level. Some examples for the design styles will be analyzed
in the remainder of this section.
We introduce some measures to rank different designs: the
capture range of the repeater is the set
of time separations at the input of the repeater that the device
will be able to stretch back to the nominal value of . The linearity of the circuit corresponds to the linearity of the response
of the design: given a range of time differences between two
inputs, the linearity refers to the difference between the output
delay between the signals and the input delay. The latency of
the device is, intuitively, the time between the first input signal
reaching the device and the corresponding output leaving the
device. Finally, the response time is the time between the
first input reaching the device and the time limit before which
the second event would not be delayed. For phase-locked loops
(pll s) it is customary to provide the capture range (or “lock-in”
range) as the difference between the maximum and the minimum frequency the pll will lock onto, as the set is centred
around the natural frequency of the loop. Following the same
(as
).
custom, we similarly define
Several implementations of the device are possible, each with
different issues to be addressed. In particular, we can distinguish
between “analog” implementations of the repeater and “digital”
implementations of the device; in particular, this distinction is
based on the generation of the pulse which stops the late arriving
signal from propagating to the output. The analogue implementations rely on analogue differentiators to generate the pulse;
these differentiators are built using series capacitors. In the case
of digital implementations the differentiators are implemented
using gates. In this article we will focus in particular on some
digital implementations of the repeaters.
In the remainder of the section, all the simulation results are
normalized to FO4 delay. The experimental setup included input
and output inverter buffers; the latency shown in the graphs includes these buffers. “Rise” and “fall” in the results refer to the
inputs shown in the figures, e.g., after the input buffer, to simplify analysis.
A. Latch-Based Design
A conceptual idea of the device is given in Fig. 3. The two
input signals are fed into a pair of latches; the first input to propagate through one of the latches will cause a pulse at the “enable” input of the two latches, in turn causing the other signals
to be prevented from propagating through the latch for a given
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time. As can be seen from the simple example, two issues become of primary importance in the design of such devices: first,
the latch of the signal arriving “late” should not enter metastability; second, which is correlated to the first, the time between
an event triggering the pulse and the pulse reaching the “enable”
input of the latches should be minimized in order to capture as
many events as possible. In fact, if the latter condition does not
hold, the late arriving signal will propagate through before the
latch has been able to prevent this from happening.
The following description of the system is based on Fig. 3,
the setup
but can be adapted to other designs. Define as
delay of the latches and as
the delay
of the latch.
From the figure, the letters a-d represent the path delays of the
indicated paths; in particular, d represents the delay between the
latch enable being released and the output being generated. Assume that two edges are travelling on the link and were generated with delay between each other and arrive at the input of
.
the circuit with delay
. If
The latency of the device is trivially

Fig. 4. Latch-based implementations. (a) Single pulse implementation.
(b) Dual pulse implementation.

(1)
the second edge will reach the output of the latch before the
pulse is generated and therefore the circuit will have no effect.
If
(2)
the latch may enter metastability, as the second edge will reach
the latch during the time the pulse is being generated and will
not respect the restriction imposed by the setup time of the latch.
Finally, when
(3)
the latch will prevent the second edge to propagate until the
pulse is completed.
The response time will, therefore, be
(4)
The nominal value of

at the output will be equal to
(5)

The upper bound beyond which the device does not influence
; in fact if
the path delays is going to be
by the time the second event occurs the latch has been released.
,
Note that if the input time separation is between and
the output will still be . The capture range will, therefore, be
(6)
These equations can be used to determine the value of given
and a set of requirements. This first analysis shows that the
value of must be chosen in such a way that, even when the
phase is maximally corrupted, the condition expressed in (3) is
always respected. This can turn out to be a significant limitation
to the speed of the circuit.

Fig. 5. Latch-based designs simulation results. (a) Single pulse generator.
(b) Dual pulse generator.

Based on Fig. 3 two possible implementations can be obtained as shown in Fig. 4, according to the way the pulses which
control the latch clock are generated. In Fig. 4(a) the pulse is
generated as in Fig. 3, using an XOR gate, which has been reduced to an OR-NAND gate thanks to the presence of and ;
in part (b), instead, each output generates an independent pulse
to control the other latch. The two designs have very similar
responses (Fig. 5); the expected output was around 12 FO4
delay, as this turned out to be the minimum time separation
obtainable using a gate-level pulse generator and the available
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latches. The device responds correctly: when the input time separation drops below 12 FO4 the device pulls the edges apart so
that the output time separation is preserved at the output. The
design fails when the input time separation drops below a minimum value (1). The latency of the device is around 6 FO4 delay
for rising and falling edges. For the purposes of “taxonomy” this
type of design is “early propagating,” as an output is generated
without waiting for the second edge to arrive.
The main advantages of this type of design is the relative simplicity of implementation. The gate count is relatively small and
allows the repeater to be easily tuned to the required specifications. Also it would be relatively easy to scale up the design
for multiple-rail implementations, simply by OR-ing all the XOR
gates between pairs of wire and controlling a single pulse for all
the latches on all wires. The latency of the design is also relatively low so that several repeaters can be placed along a line.
Finally both design exhibit good linearity and the output curve
are “flat” at the expected range. However, the capture range of
the device is limited: both implementations stop working around
6 FO4 delay; around that point the risk of metastability in the
latches increases until the devices fail. This type of design is
therefore appropriate if the nominal of the link is in the order
of tens of FO4.
IV. FAULT DETECTION
An interesting aspect of this system is that fault detection is
simplified thanks to the inherent nature of the transmission: for
instance, stuck-at faults can be detected by observing the pattern of changes in the spacer. As the spacer alternates continuously between two possible spacers, the device can detect a
stuck-at fault if the spacer alternation is not observed. Note that
in that case, no data is received (as possibly one of the lines
has not switched); in the case of two-wire communication, this
could cause a problem as such a fault can be seen as a failed data
transmission: the receivers could therefore throw an exception
requesting the sender to repeat a transmission when none was
previously performed. These issues can be resolved at design
time (a time-out mechanism can be included, for instance); however, a common trait of any solution would be the inclusion of an
accumulator which would “log” all the occurrences of a spacer
exception and be reset at the occurrence of a correct sequence
of spacers. If the sum of all exceptions exceeds a given value,
the device would recognize the presence of a stuck-at fault.
In addition, the phase encoding mechanism allows transient
faults to be filtered out rather than detected, thus reducing latency in case of faults. Consider for instance Fig. 6 where a
link is implemented using dual-rail alternating spacer protocol
and phase-encoding. In the top image a fault appears on one
of the lines during data: in this case a sp1 is detected after an
item of data. Then an additional (wrong) item of data is detected and finally another sp1 spacer is recorded. Only at this
point the logic recognizes the presence of a fault and can request a retransmission of the data. A similar transient fault in the
phase-encoding implementation is instead filtered out thanks to
the inherent structure of the protocol: as only one wire presents a
transition not matched by the other wire, the system ignores the
fault. Note that in the previous case the fault is happening when
the data item is present; although a fault during the same time
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Fig. 6. Example of faults in level-based and phase encoding protocols.

in the phase-encoding protocol would also produce an error, the
protocol aims at minimizing the window when an item of data
is present on the lines.
We can identify in the context of phase-encoding event windows and spacer windows: the first denotes the time when there
is an imbalance between the lines, the second indicating the time
between two symbols when the wires are idle. We can then identify three types of transient faults, shown in Fig. 7, depending
on the temporal position of the fault. Type-1 faults start and
end inside the event windows; Type-2 faults appear during the
spacer window. These faults are ignored by the protocol, although some Type-1 faults cause the receiver to require more
time for the decoding as the input time separation is corrupted.
We therefore distinguish between Type-1a faults—which do not
cause significant increase of decoding time at the receiver—and
Type-1b faults. Type-3 faults appear across event and spacer
windows; in this category appear both faults that “mask” one
of the transitions so that it could appear later or earlier than
expected and faults that invert the sequence of transitions. The
former are similar to the Type-1 faults described above and are
ignored if the phase corruption does not increase the resolution
time of the receiver beyond an acceptable limit; we therefore
distinguish between Type-3a and Type-3b faults in the same way
as for Type-1 faults. The latter we label as Type-3c faults and
cannot be detected. More details about this limit is provided in
Section V.
V. BANDWIDTH AND BITRATE
The bitrate of the link is dictated by three factors: layout/
process issues, number of wires and speed of the receiver to correctly decode the phase relationship between the input signals
and produce an output. In [5] the relationship between bandwidth, and process parameters is described; in [7] the discussion is extended to the multiple-rail case. In both papers the analysis refers to the case where the MEs used at the receiver are
built using a pair of NAND gates (SR latch) and a metastability
filter [6]. We refer the reader to the mentioned works for a more
accurate characterization of the bandwidth for phase encoding
using those devices. In this work we generalize the analysis to
the case where the input separation at the receiver is such that
the device can avoid metastability. In this case the inequality
which governs the frequency of the link is
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Fig. 7. Transient fault model in phase encoding logic.

plus an offset

for safe link operation; because of (8),

(10)

Fig. 8. Relationship between number of wires, frequency, bitrate, and link
quality.

The minimum frame length must accommodate the time
needed for the receiver to decode the input. We can express
the frame length as the time to send one symbol multiplied
by the number of multiplexed receivers. If we assume that the
receivers use rising and falling edges of the wave, the symbol
; we denote with the number of multiplexed
time is
receivers and thus obtain the expression for the frame length as
. We can now rewrite the above expres. Substituting
sion as
(11)

which is only valid if

(8)
is the latency of the receiver
In these inequalities
, is the link maximum frequency, is the proportion of
the original at the sender which reaches the receiver and
is the ME resolution time, which is dependent on the rise time
. We can further simplify the inequality
of the input signals
combining (7), (8)
(9)
Fig. 8 shows the relationship between number of wires, frequency, bitrate and link quality in terms of , which we recall
is the proportion of time separation at the sender between two
edges which reaches the receiver; the results refer to 0.18- m
technology.
Note that the value of considered until now only relates to
the period of the frequency of the link where only one receiver
is attached to the link. In the inequality
the left hand size refers to the minimum time
between two symbols reaching a receiver; in the case of Time
Division Multiplexing (TDM) this time is equal to the frame
length in time. The constraints for the maximum link frequency
and those for the frame length can therefore be separated.
The maximum frequency must be such that no overlap appear between two symbols; this is achieved imposing that the
is greater than the symbol time. The latter
period
depends on the number of wires and the value of

Inequalities 10 and 11 have to be satisfied simultaneously;
the first indicates the condition for safe link operation from the
point of view of accommodating the number of delays, while
the second imposes that the link frequency cannot exceed a limit
where the decoder cannot recover the data.
VI. COMPARISON WITH OTHER PROTOCOLS
A straight comparison between different communication
models is always problematic: it is in fact difficult to make
sure that the metrics used to estimate the performance of one
or another technique are indeed fair. In this paper we limit
to compare the proposed method with other communication
protocols in terms of number of wires necessary to implement a
channel, number of transitions to transmit a packet and number
of symbols required to transmit a packet. The comparisons
will be based around identical channel maximum frequency of
operation.
In particular, it is important to note that the channel does not
require a common clock between sender and receiver; also, there
is no need to regenerate a signal clock at the receiver. Therefore,
the obvious comparison would be with asynchronous communication methods, in particular -of- schemes.
Table I shows a summary of some encodings and a comparison with the phase encoding scheme illustrated here. Note
that, even if the number of transitions per symbol appear to
favor 1-of- schemes, the overall number of transitions for a
128-bit packet example shows significantly different behavior.
This, coupled with the availability of extra states which could
be used to encode control signals, indicates an attractive feature
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TABLE I
COMPARISON OF DIFFERENT ENCODING. PACKET LENGTH = 128 bits. RTZ = RETURN TO ZERO

of the scheme. Moreover, the number of symbols per packet is
significantly smaller, reducing the channel usage. However the
higher capacity of the phase-encoded link comes at the cost of a
more complex gate-level implementation. For a “large” number
the sender and the receiver become difficult to
of wires
design; this trade-off must be taken into account. Additionally,
the use of more wires imposes a limit on the frequency of the
link (as described in Section V) and therefore on its bitrate.
A comparison with synchronous links and clock-recovery
schemes is complex due to the different metrics to consider.
In general, if the frequency of the link is fixed and such to
wires for the phase-encoding protocol
accommodate
(see Section V), then the phase-encoding protocol has more
capacity than an equivalent parallel synchonous link with
wires; as
for
. However, the fact that a delay
is used between two edges could be exploited for synchronous
operation, resulting in a high-frequency link with period of the
order of ; one example of such a system is presented in [14],
where a serial link is described whose frequency is determined
by delay elements, matched at the receiver to reconstruct the
link clock.
Such systems however require highly matched delay elements; this matching can be obtained at the expense of increased
static power consumption if, for example, current-starved inverters are used. The phase-encoding technique instead allows
the individual wires to run at a lower frequency while still
obtaining high bitrate. Also the matching required by the
phase-encoding method is more loose, as the information is
encoded only in the order of edges, rather than the absolute
time delay between them.
VII. IMPLEMENTATION EXAMPLES AND RESULTS
In order to analyze the proposed method, implementation examples are described in this section. After the sender and receiver blocks, a complete system is described, comprising a
4-wire link.

Fig. 9. (a) Block diagram of sender. (b) Delay chain.

encoding logic encodes states into the symbol-dependent matrix according to the following algorithm. Each element of
is first set to zero. Each symbol is associated with a number in
; let the symbol to transmit
the sequence
. The encoding logic decomposes the symbol in its
be
factorial base, which, we recall, represents a number
as
where
. The digits
represent the index of the matrix row in the set of available
rows at each iteration; the iteration represents the column. For
and
be a symbol to transmit. Its facinstance, let
and the
torial base representation is
. Therefore, at iteraorder of digits to fill the matrix is
is set to 1. At iteration 1 the set of available
tion 0 element
rows is
: the digit 2 corresponds to row 3 and thus eleis set to 1. Similarly
is set. Finally an element
ment
, is set to 1. The final matrix is
of the remaining row,

A. Sender
The sender needs to encode the data presented as inputs into
a sequence of transitions. In [5] examples are shown for dualrail phase encoding transmitters, where delay elements are controlled by single- or dual-rail data lines and modulate the reference signal; Fig. 9(a) shows a block diagram of a sender in the
case of wires.
matrix
whose
The sender encodes a symbol in a
elements correspond to internal control signals. These signals
are used to control the phase encoding logic and are such that
each row of the matrix corresponds to a wire and each column
to a possible delay achievable on the wires. The -wire phase

The algorithm can be implemented using banks of OR gates: at
each iteration the fan-in of the gates changes and the output of
the gates represents the matrix.
The phase encoding logic consists of a delay chain whose
input is the reference signal and outputs are the n differentially
delayed versions of the reference; it also comprises an array of
tri-state buffers to direct the appropriate delayed version of the
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Fig. 10. Block diagram and details of receiver. (a) Block diagram. (b) Logic layers. (c) Enhanced ME.

reference to the corresponding wire. Fig. 9(b) shows this array
for a single wire: the inputs to the tri-state buffers are controlled
by the matrix .
B. Receiver
The receiver for such a system is more complex than the
sender, as it needs to identify and decode the sequence of transitions on wires. MEs are employed in asynchronous systems to
arbitrate between two requests avoiding metastability. Arbitration between multiple wires can be achieved using arbiter trees
[15]; however this method is hardware-costly.
A different approach consists in employing arbiters for each
pair-wise combination of wires; this array of arbiters will produce a binary output which is unique for each sequence and
which is then fed to a decoder to extract the data. The block diagram of the receiver is shown in Fig. 10(a), in the ME array and
the decoding array are shown. In this approach, for wires an
array of

arbiters is required to cover all possible pair-wise

combinations if only rising or falling transitions are used; in
the case of both transitions being used the number of arbiters
is double.
The logic used to decode the output of the ME array is organized into layers, each identifying the wire which wins a number
of arbitrations. The sequence can be reconstructed analyzing the
number of arbitrations each wire wins: the first wire will win all
arbitrations with all other wires; the number of these arbitrafor the first wire. The second wire will win
tions is thus
all arbitrations with the other wires apart from the first and so
on. Therefore, each layer identifies the wire which wins
arbitrations: is both the layer and the position of the wire in the
sequence. This means that the number of logic layers is
, as
the last wire will not win any arbitrations and can be identified
by the last layer contextually to penultimate wire.
Compared with an arbiter-tree implementation this scheme
reduces the latency of the receiver, as only one layer of arbiters
is used. However, as the number of possible symbols increases
(with ) the fanout of the layers also increases; this can result
in a large area overhead. Alternative implementations of the receiver are the subject of future work.
C. Complete Example
Using the examples described above for the sender and the
receiver, a circuit has been designed and simulated with
wires, which we denote with letters a-d. We recall that the
and the number of arbiters
number of possible states is

is

. Although both rising and falling transitions are em-

ployed to encode data in the implementation, in this section we
only focus on the rising transitions for the sake of simplicity.
The sender was implemented as described above: the matrix
controls the “enable” line of the tri-state buffers so that the reference signal is differentially modulated on the different lines.
The matrix is obtained using one-hot encoding for the symbols;
the “groups” described correspond to OR gates and the iterations correspond to logic layers. At each layer the fan-in of the
OR-gate changes mirroring the “grouping” described above and
; assuming that any arbitrary fan-in can
goes from 2 to
. For limited
be employed, the number of logic layers is
fan-in the total logic depth for wires is
where is the maximum allowable fan-in of the gates. For the
and
, so the logic depth is
.
case described
The receiver employs an array of MEs and the layered logic
architecture described and shown in Fig. 10(b). Here the start
signal is a control signal, generated when all MEs are settled
down and all wires are at logic 1. a-b stands for wire a preceding wire b and so on for the other labels. The fan-in of each
logic layer is the same as the number of arbitrations considered
per layer plus an additional one which comes from the previous
layer. In this example, there are three layers: the first layer is
used to decide which wire wins three arbitrations; the second
layer to decide which wire wins two arbitrations, and the third
layer to decide which wire only wins one arbitration. The output
of the logic is set to logic high if the associated symbol is detected [in Fig. 10(b)] this symbol is associated with the numeral
0, hence data 0).
The ME array is implemented including memory logic
to achieve fault tolerance and guarantee correct operations.
Fig. 10(c) shows the implementation of each element of the
array, in particular the element responsible for arbitration
between wires a and b. Apart from the ME in each element,
there are two AND-OR gates, two three-input C-elements and
one two-input OR gate. The two AND-OR gates are used together
with the C-elements to construct memory elements to “keep”
the outputs of the ME. When one wire wins arbitration and
all other wires have switched, the corresponding AND-OR gate
output keeps the output of the ME stable until the C-element
changes state. This will only happen when all wires change
state (at the next symbol). This mechanism guarantees that the
output of the ME array is stable between symbols. Because
memory elements are introduced, the completion detection
of the arbitration is quite simple: only one OR gate for each
element is enough because, after resolving, only one output of
the ME will be logic high, whilst in idle mode the outputs will
be both logic low.
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Fig. 11. Output waveforms at the sender.

This design respects the protocol described and accordingly
responds to the faults described in Section IV. In the case of
Type-1a and Type-3a faults the ME will not produce an error as
the sequence of transitions has not been affected and the time
separation is enough to ensure detection. In the case of Type-2
faults, thanks to the memory elements, the transitions appearing
on one of the lines will be ignored, as the C-elements will not
change state. Type-3c faults cannot be filtered out in the case
of dual-rail phase-encoding schemes; multiple-rail implementation can be designed so that the probability of these faults to
generate an error is minimized although this is not the case for
the described implementation.
In the case of Type-1b, Type-3b faults the time difference between two edges is reduced in such a way that the resolution
time of an ME is strongly affected. In the extreme case the transitions could be so close that the outcome of the arbitrations is
random. In this case a “loop” can occur: consider wires a,b,c,d
in this order and assume that wires b,c,d arrive at exactly the
same time. The outcome of the arbitrations could be that a wins
three arbitrations but all other wires win one arbitration: for instance, b may win with c, c with d but d may win with b. In this
case the logic cannot recover the data, but is able to identify the
fault and throw an exception, showing self-testing ability.
D. Simulation Results
The sender and receiver used in the four-wire link have been
designed and simulated using a CMOS 0.18- m technology and
the Cadence toolkit. The simulation results show the sender and
receiver working as expected.
Fig. 11 shows the waveforms of the sender. The encoded data
correspond to the decimal 4; the corresponding transitions sequence bacd. Fig. 12(a)–(c) shows the waveforms obtained at
the receiver when faults appear on the lines. The sequence of
transitions in these figures is abcd, corresponds to the numeral
0. Type-1a and Type-2 faults are filtered out as can be seen from
Fig. 12(a) and (b). Type-3c faults however will result in incorrect data being received: in Fig. 12(c) due to the Type-3c fault a
numeral 6 is recovered.

Fig. 12. Waveforms for faults. (a) Type-1. (b) Type-2. (c) Type-3.

VIII. FUTURE WORK
NoCs are the obvious application domain to investigate the
full potential of this novel approach. For instance, the need to insert buffers along the transmission lines to regenerate the phase
relationship goes hand in hand with the presence of buffers
along the transmission medium of a NoC. The capabilities of
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the system to support multiplexing is an additional useful property, together with the simplicity of error checking, which can
be performed at various levels.
Some issues are under investigation and models and simulations are being developed, in particular in the areas of jitter
estimation and selection of the optimal value of for reliable
data recovery. The problem of jitter estimation is important: as
the value of depends on the period of the reference signal (or
in any case on the minimum time between two subsequent transitions on the reference line) and on the jitter, calculation of the
jitter would lead to the identification of the minimum value for .
However, jitter estimation is not a trivial task, as shown in the literature. Several options are under scrutiny at the moment, with
promising results. Additionally, alternative design solutions for
the receiving logic are being investigated.
Another subject of investigation is the optimization of wire
length and buffer insertion. As described in Section III, it is a
direction of the work to generate an algorithm, possibly to be
automated, which would lead to the correct identification of optimal wire length and the inclusion of repeaters along the line.
We also aim to investigate the addition of control logic on a
bridge that would allow packet routing across the network employing this novel technique. This logic would have to read the
packets, decode them and forward them appropriately.
Finally, work in under way to analyze various encoding
schemes and a more accurate and thorough analysis and comparison of the scheme and other communication schemes.
Different encodings can improve throughput of the link and
reduce the error rate. At the same time, different encodings
can increase the complexity of the receiver in terms of area
consumption and decoding time. On the subject, a particularly
attractive field of research linked with this idea is that of
computational neuroscience; Thorpe and Gautrais [16] explore
the use of rank order coding in the context of neural networks.
Thorpe et al. [17] subsequently provide a review of strategies
for spike-based activation of neurons. Neurons communication
is modelled as sequences of spikes generated by neighbouring
neurons; a neuron receiving these spikes can generate a spike if
the sequence activates it. The sequence-recognizing algorithms
used can be of interest and will therefore be investigated.
IX. CONCLUSION
A novel interconnection approach for SoCs has been presented together with some examples of implementation. The
results show high robustness to transient faults of the type described (narrow-pulses) and relative simplicity of implementation. An important feature of the system described is the adaptability to a variety of environments (GALS, NoCs), achieved
without the need for sophisticated circuitry. In fact, the system
can almost be “plugged in” and work, as long as the synchronization protocol and the buffer stages are designed correctly.
The simulation results show that the circuit works as expected
and has the ability to filter out interference. More accurate evaluation of jitter and identification of minimal event windows (possibly on-line) is under consideration. Together with the jitter introduced on the transmission lines, additional sources of jitter

are in fact the delay elements themselves, particularly if a delay
line is employed. A more analytical description of the design requirements is therefore being carried out, together with a more
accurate probabilistic description of the effects of faults.
Future work aims to implement more complex protocols employing a larger number of transmission lines in order to increase throughput of the channel and increase reliability, automate the design process, identify the optimum wire length and
repeaters number, and finally to devise reliable on-chip jitter estimation techniques.
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