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Abstract: Clock distribution networks synchronize the flow of data in digital systems, and the features of the
clock signal affect system performance and reliability. The great advances in integration levels and speed
requirements in actual digital systems lead to enormous complexity in synchronization. Differences in delay of
clock signals along clock paths, due to different lengths or active elements such buffers, cause loss of
performance and poor reliability. However, a perfect synchronization leads to a simultaneously triggering of
great amount of devices and, thus, large current demands. This paper presents a new scheme for clock
distribution in VLSI systems that avoids both skew and large current demand related problems. Different
skewed clock signals synchronize different independent channels in a RNS-based system. This new strategy
has been simulated over a three-stage decimation CIC filter, resulting in a diminution of current spikes and
current change rate with no significant increase of power consumption.
Key-Words: Clock, Clock Distribution, RNS, Synchronization.

1 Introduction
The last advances in integrated circuit fabrication
have lead to increasing integration levels and
operating speeds. These factors make extraordinarily
difficult the proper synchronization of integrated
systems because the length of clock distribution lines
increases along with the number of devices the clock
signal has to supply, thus leading to substantial delays
that limit system speed. For TSPC (True Single Phase
Clock) one clock line must be distributed all over the
chip, as well as within each operating block. More
complex clocking schemes may even require two or
four non-overlapping clock signals [1], thus
increasing the resources required for circuit
synchronization. Moreover, for clock frequencies
over 500 MHz, phase differences between the clock
signal at different locations of the chip (skew) start
presenting serious problems [2]. Several techniques
have been developed for overriding clock skew,
being the most common RC-tree analysis and H-tree
distribution. The first represents the circuit as a tree,

modelling every line through a resistor and a
capacitor and every block as a terminal capacitance
[3]. In this way, distribution line delay is evaluated
and elements to compensate clock skew can be
subsequently added. The second option distributes
symmetrically the different clock signals forming and
“H”, thus avoiding the appearance of differences in
the delay of each path, as illustrated in Fig. 1.
However, minimizing skew has negative sides, since
the simultaneous triggering of many devices leads to
short but large current demands. Because of this, a
meticulous design of power supply lines and device
sizes is required, with this large current demand
resulting in area penalties. If this is not the case, parts
of the chip may not receive as much energy as
required. This approximation to the problems related
to fully synchronous circuits and clock skew has been
previously discussed [4]. This paper will present an
alternative for efficiently synchronizing RNS-based
circuits while keeping current demand to a minimum.
The underlying idea is to generate non-overlapping
clock signals, each one controlling an RNS channel.

minimizes the skew caused by variations during
chip fabrication [11-12] processes.
Typically, synchronous systems consist of a chain
of registers separated by combinational logic that
performs data processing. The maximum clock
frequency is derived from:
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Fig. 1. H-tree distribution

This takes advantage of the non-communicating
channel structure that characterizes RNS architectures
in order to reduce the clock synchronization
requirements for high-performance digital signal
processing systems. A three-stage CIC (Cascade
Integrator Comb) decimation filter [5-6] was used for
evaluation of the presented strategy.

2 Skew
When clock propagates across different paths, it
suffers different delays due to different path lengths
and active elements. The difference in the value of
the clock in two nodes is known as clock skew.
Clock skew produces system performance losses
when compared to that obtainable from individual
blocks, since it is necessary to guarantee the proper
function of the chip with a reduced speed clock.
Skew will cause clock distribution problems if the
following inequality holds [7]:
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where k<0.20 (typical value) is a constant, D is the
typical size of the system, v is the propagation
speed for the clock signal and fapp is the applied
clock frequency. Existing solutions for clock skew
provide two different approaches to the problem;
the first one consists in equalizing the length of
clock paths to processing elements with buffers and
delay elements, or through H-tree, mesh or X-tree
topologies [3, 8-10]. The other option eliminates or

where fmax is the maximum frequency obtainable,
TPD is the time between the arrival of the clock
signal at the i-th register and stable processed data
at the output of the (i+1)-th register and Tskew is the
time between the arrival of the clock signal at the ith register and the arrival of the same signal at the
(i+1)-th register.
Clock skew can be considered as either positive or
negative, although the sign criteria is not
standardized. If positive, then from equation (2),
the minimum system clock period is increased,
while if negative, Tmin decreases. This appears as an
advantage, and can be used to improve the system
features, but an excessive positive skew results in a
race-related problems may arise if data processing
time is lower that the skew.

3 New synchronization Strategy
The proposed strategy for synchronization of RNSbased systems introduces the generation of several
signal clocks from the master clock. These clocks
signals are generated slightly out-of-phase with
non-overlapping edges. Each one of these clock
signals synchronizes one of the RNS channels,
while the master clock synchronizes global data
(mainly at the global inputs and outputs of the
system) and guarantees data coherency. Thus, each
channel process data at different time instants, so
the current demand is distributed over the whole
clock cycle. This has the effect of reducing current
spikes on the power supply lines approximately by
a factor that is the number of generated clock
signals. The phase difference between the
generated clocks has to satisfy some specifications:
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Fig. 2. Negative (left) and positive (right) skew.
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Fig. 3. dCLK_cell chain for clock generation
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the number of clock signals with
overlapping active cycles has to be
minimized, as well as the time two or more
of these active cycles overlap,
clock edges must not coincide,
data coherency has to be respected at both
the input and output of the system.

Clear advantages are obtained when these
requisites are satisfied, since current spikes are
reduced and power dissipation is distributed over
the master clock cycle, rather than concentrated
around the master clock edges. The temporal
variation in current values is reduced also.
Moreover, power supply lines may be scaled and
clock distribution resources reduced, thus
simplifying the chip design effort.
This strategy can be used in systems whose
operation
mode
implicates
several noncommunicating modules or channels, as those
based on the RNS. RNS [13-14], with noncommunicating channels, perfectly suits this
clocking scheme and a generated clock signal is
applied to each independent channel, while the
master clock signal used to generate these other
clocks can also synchronize the global input and
output. Moreover, the resources required for
implementing this new strategy are minimum and a
few transistors, basically three inverters, are
required for each channel. Specifically, the master
clock signal is routed through an inverter chain,
thus being delayed. Meanwhile, the generated
clock signals are extracted at adequate points of
this chain and conditioned to be used as clock

signal for a complete RNS channel. This scheme
requires the inverter chain to alternate large and
small input capacitances and low driving
capabilities, so appropriate delays can be
generated. This structure generates low-quality
clock signals within the inverter chain, so
additional buffers are required for obtaining
adequate clock signals. Fig. 3 illustrates the
hardware required to generate the proposed
synchronization scheme, where dCLK stands for
generated delayed clocks, while Fig. 4 shows the
detailed scheme for the so-called dCLK_cell
cell, which consists of three inverters. It can be
deduced from Fig. 4 that three design parameters,
Ld, Wb and Lb, are available in order to obtain the
system specifications, while Lmin represents the
feature size of the fabrication process and Wmin the
minimum usual width for pMOS transistors.
Connecting CHout pads to CHin pads, the
inverter chain described above is built, while the
master global clock is used as input to this chain.
Fig. 4 illustrates how large capacitance inverters
are alternated with minimum-size devices. Thus,
the low driving capabilities of the latter allow
modelling of the required delay using the Ld
parameter. Meanwhile, the generated clock signal
dCLK is regenerated by a third inverter that
includes the parameters Wb and Lb. These allow
matching of the timing specifications for a given
system, also allowing the adaptation of the cell to
the overall capacitance to be driven by the
generated clock. However, these three design
parameters Ld, Wb and Lb are not independent, and
their relation needs a careful study of the final
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Fig. 4. dCLK_cell schematic.
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Fig. 6. Three-stage CIC decimation filter.
Fig. 5. Clock signals generated for the new strategy.

system to be synchronized in order to select their
optimum values. Fig. 5 shows the resulting
generated clocks in a simple design example for a
300 MHz master global clock and 0.1 pF loads for
every dCLK signal. Note that the requirements
enumerated above about non-overlapping edges
and active cycles are matched, with every dCLK
signal being to be used as clock for a given RNS
channel.

4 Application to a Design Example
and Simulation Results
A three-stage decimation RNS-based CIC filter [6]
was considered for the evaluation of the proposed
synchronization technique. CIC filters [5] have
been shown to be a useful alternative for FIR
implementation for a variety of communication
systems, because no multipliers are required.
Although the frequency response out of the pass
band may be insufficient for certain applications,
low-order conventional filters may correct this
effect. An S stage CIC system is defined by the
transfer function:
S
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Fig. 6 shows the structure of a three-stage CIC
filter, illustrating the meaning of R and D
parameters. The selected design example was a
fully pipelined three-stage CIC decimation filter
with R=32, D=2 and 26-bit dynamic range [6]. This
RNS-enabled system requires four channels with
moduli {256, 63, 61, 59}. This 26-bit dynamic
range filter was designed at the transistor level and
simulated using PSpice for both a single global
clock and the proposed technique. For these

simulations, a public domain MOSIS CMOS 0.6
µm process [15] was used. This is a three-metal,
one-poly, 3.3V CMOS process that is available to
MOSIS costumers through Agilent Technologies.
Since the system is composed just of adders and
registers, the well-known two-stage modulo adder
[6] was used, while registers were implemented
using negative edge triggered D flip-flops
(nETDFF) based on TSPC logic [1], that simplifies
the implementation of the proposed alternative.
Because of the great locality of the connections for
the study case, load driving is kept to a minimum
and device sizes can be fixed to the process
minimum for most of the transistor involved. Only
transistors used for clock management will require
larger sizes since they have to drive large loads.
The systems under simulation include around
15.000 transistors.
In order to get illustrative results, the RNS-enabled
CIC filter was simulated under three different
clocking strategies: first of all, a single global clock
was used to synchronize the whole circuit, through
a train pulse voltage source. Because this is a
“perfect” SPICE source, the second clocking
alternative considered a buffer in the clock path
while keeping a single clock for global
synchronization. Finally, the proposed design
example
was
synchronized
using
four
dCLK_cell cells and four generated dCLK
signals, each one synchronizing an RNS channel.
The design parameters for the dCLK_cell cells,
after careful selection, were selected as Ld=1 µm,
Wd=2 µm and Wb=9 µm. These three alternatives
were simulated for two different clock frequencies,
125 MHz and 300 MHz. A comparison between the
proposed strategy and the buffered clock
simulation will illustrate the low power penalty
introduced by this new clocking strategy, which is
an added feature.

proposed strategy. Finally, if power dissipation is
considered, the comparison between the buffered
clock and the proposed strategy shows that the latter
does not introduce a significant increase in power.
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Fig. 7. Current from power supply line for a single clock
(above) and the proposed alternative (below).

This paper has presented a new alternative for
synchronizing RNS-based systems and it has been
shown how this method can reduce the current
demand and its change rate. These advantages can be
implemented with minimum resources, while power
consumption is kept within reasonable values. The
proposed strategy was tested using an RNS-enabled
three-stage CIC decimation filter consisting of about
15.000 transistors. The application of this new
synchronization scheme leads to reduced skewrelated problems, as well as reduces chip area through
the reduction of the power supply line size, caused by
the decrease in current and current change rate
requirements.
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