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1. Introduction

Almost all high-performance VLSI systems in today technologies are synchronous. These
systems use a clock signal to control the flow of data throughout the chip. This greatly
facilitates the design process of systems because it provides a global framework that allows
many different components to operate simultaneously while sharing data. The only price for
using synchronous type of systems is the additional overhead required to generate and
distribute the clock signal.

Nearly all on-chip Clock Distributions Networks (CDNs) contain a series of buffers and
interconnects that repeatedly power-up the clock signal from the clock source to the clock
sinks. Conventionally, CDNs consisted of only a single stage buffer driving wires to the
clock loads. This is still the case for clock distribution in very small scale systems; yet
contemporary complex systems use multiple buffer stages. A typical clock tree distribution
network in modern complex systems is shown in Figure 1. This design is based on the
reported CDNs in (O’'Mahony et al, 2003; Restle et al, 1998; Vasseghi et al, 1996).

1.1 Hierarchy in CDNs

The clock signal is generated with a Phase Lock Loop (PLL). A PLL is a control system that
generates a signal having a fixed relation to the phase of its reference signal. A PLL circuit
responds to both the frequency and the phase of its input signal and automatically
raises/lowers the frequency of the controlled oscillator until it matches the reference
(Wikipedia, 2009). The core clock signal is then amplified through the global buffer and
distributed through a hierarchical network and buffers. The system CDN is generally
defined to span from the PLL to the clock pins. The pin is the input to a buffer that locally
amplifies and distributes the clock signal to clocked storage elements within a macro, the
small blocks that make up a system. There can be any number of buffer levels between the
PLL and the clock pin. In modern VLSI systems, there are up to four buffer levels. The last
buffer level before the clock pin is generally called a sector buffer. This stage drives the
interconnect leading to the macros and the local buffers at the pins. A synchronous VLSI
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system has thousands of loads to be driven by clock signal. In CDNSs, the loads are grouped
together creating a (sub-) block. This trend results in a hierarchy in the design of CDNs
including three different levels/ categories of clock distribution namely as global, regional and
local as shown in Figure 1. At each level of hierarchy there are buffers associated with that
level to regenerate and to improve the clock signal at that level.

The global clock distribution connects the global clock buffer to the inputs of the sector
buffers. This level of the distribution has usually the longest path in CDN because it relays
the clock signal from the central point on the die to the sector buffers located throughout the
die. The issues in designing the global tree is mostly related to signal integrity which is meant
to maintain a fast edge rate over long wires while not introducing a large amount of timing
uncertainty. Skew and jitter accumulate as the clock signal propagates through the clock
network and both tend to accumulate proportional to the latency of the path. Because most
of the latency occurs in the global clock distribution, this is also a primary source of skew
and jitter (Restle et al, 2001). From a design point of view, achieving low timing uncertainty
is the most critical challenge at this level.

The regional clock level is defined to be the distribution of clock signals from the sector
buffers to the clock pins. This level is the middle ground between global and local clock
distribution; it does not span as much area as the global level and it does not drive as much
load or consume nearly as much power as the local level.

The local level is the part of the CDN that delivers the clock pin to the load of the system to
be synchronized. This network drives the final loads and hence consumes the most power.
As a design challenge, the power at the local level is about one order of magnitude larger
than the power in the global and regional levels combined (Restle et al, 2001).
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Fig. 1. A typical hierarchical CDN for a high-performance synchronous VLSI system

1.2 CDNs figures of merit

The main figures of merit for a CDN are the components of timing uncertainty, as well as,
power consumption. All of these performance metrics have significant impacts on the
design, evaluation and verification of synchronous system performance and reliability.

As mentioned previously, the advantage of a synchronous system is to regulate the flow of
data throughout the system. However, this synchronizing approach depends on the ability
to accurately relay a clock signal to millions of individual clocked loads. Any timing error
introduced by the clock distribution has the potential of causing a functional error leading to
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system malfunctioning. Therefore, the timing uncertainty of the clock signal must be
estimated and taken into account in the first design stages. The two categories of timing
uncertainties in a clock distribution are skew and jitter.

Clock skew refers to the absolute time difference in clock signal’s arrival time between two
points in a CDN. Clock skew is generally caused by mismatches in either device or
interconnect within the clock distribution or by temperature or voltage variations around
the chip. There are two components for clock skew: the skew caused due to the static noise
(such as imbalanced routing) which is deterministic and the one caused by the system device
and environmental variations which is random. An ideal clock distribution would have zero
skew, which is usually unachievable.

Jitter is another source of dynamic timing uncertainties at a single clock load. The key
measure of jitter for a synchronous system is the period or cycle-to-cycle jitter, which is the
difference between the nominal cycle time and the actual cycle time. The first cycle, the
period is the same as the clock signal period and the second cycle, the clock period becomes
longer/shorter. The total clock jitter is the sum of the jitter from the clock source and from
the clock distribution. Power supply noise may cause jitter in both the clock source and the
distribution (Herzel et al, 1999).

Clock network also involves long interconnects which implies having lots of parasitics
associated with the network contributing to the power consumption of the clock signal.
Having the highest switching activity of the circuit in a chip is another fact of consuming a
large amount of power of the system. This power consumption can be as high as 50% of the
total power consumption of the chip according to (Zhang et al, 2000). The components of
power consumption of CDN are: staticc, dynamic and leakage power. The power
consumption due to the leakage current, in CDNSs, is relatively small. In the same way,
keeping the proper rise/fall times, minimizes the static power consumption. Thus the main
portion of the power consumption is due to the dynamic power consumption. This is
estimated as:

P=fCL Via szing

in which f, Cp, Vasand Viywing respectively represent frequency of the clock network, total load
capacitances, supply-voltage and voltage-swing of clock signal. For the case of full swing (in
which the clock signal swing reaches the voltage-supply level) Viying is the same as V.
Accordingly, methods to reduce the power consumption are:

a. Reduce total load capacitances (Cr)

b. Reduce voltage-supply (Vbp)

c.  Reduce clock signal swing (Viwing)
The intrinsic load capacitance relies on the process technology and there is no handy way to
improve it. Yet, from the design aspects by breaking down interconnects by repeater
insertion the total interconnect load is reduced. Worth mentioning that in coupled lines, the
total load is greater than that of single-node lines, thus compensating design methods
should be taken into consideration for power-saving improvement. Typically, power
reduction is achieved by means of supply and/or swing voltage scaling in CDNs.
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2. Differential Clock Distribution Networks (DCDNSs)

In this section, based on the general overview given on CDNs, we will introduce the
concepts and motivations toward the design of Differential CDNs (DCDNSs). For this, we
initially address the preliminaries needed for the design of DCDNs. These theories include
differential signaling and differential signal integrity.
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Fig. 2. Voltage-mode dif_ferential signaling

2.1 Preliminaries

2.1.1 Differential signaling

A digital signal can be transmitted differentially over the medium by utilizing two
conductors. One of which is used for transmitting the signal and the other is used for the
complement of the signal. Figure 2 shows a differential voltage-mode signaling system. To
transmit logic "1’, the upper voltage source drives V; and the lower voltage source drives V.
For logic ‘0" transmission, the voltages are reversed.

As is shown in Figure 2, the following voltages are defined in a differential system: V is the
signal on the first line with respect to common return path, Vo is the signal on the second
line with respect to common return path, Vg is the differential signal which is the voltage
difference of the two signal pair, and, Vun is the common voltage signal which is in
common between both of signal pair. Differential signal Vi carries the information and at
the receiver the information is extracted from this voltage difference. In addition to the
differential voltage there is a common-mode signal. This signal is used to give an initial
biasing to the differential signal pair. In ideal conditions, the common-mode signal is
constant and it does not carry any information. In this case:

Vaig=V1-Vo
Differential signaling requires more routing and wires and pins than its single-ended
counterpart system. In return for this increase, differential signaling offers the following
advantages over single-ended signaling;:

a. A differential system, serves its own reference. The receiver at the far end of the
system compares the two signal pair to detect the value of the transmitted
information. Transmitters are less critical in terms of noise issues, since the receiver
is comparing two pair of signals together rather than comparing to a fixed
reference. This results in canceling any noises in common to the signals.

b. The voltage difference for the two signal pair between logic’l” and ‘0’ is:

AV=2(V1-Vy)
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which is twice as much as is defined for a single-ended signaling system. This
shows that the noise margin of the differential system is twice as much as the single-ended
signaling system. This doubling effect of signal swing improves the speed of the
signaling system. It affects the transition times (rise/fall time) which is done in half
of the transition time of single-ended signaling system.
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Fig. 3. A segment of a coupled interconnect

2.1.2 Differential signal integrity

In order to employ differential signaling, the coupled interconnects model is utilized and
applied to the system. This type of interconnects not only have the intrinsic signal integrity
issues, but also, they are involved with their mutual signal integrity aspects. In Figure 3, a
segment of a coupled interconnect is shown.

The mutual parasitic elements are due to the adjacent line. These are mutual capacitance Cc
and mutual inductance I,, in addition to the intrinsic parasitic elements r, Cg and ! which
indicate intrinsic resistance, capacitance and inductance of each line. The effective
capacitance Ceff associated with each line, depending on the direction/mode of the signaling
(in-phase or out-of-phase usually called even and odd mode respectively) can be calculated
from the following equations (Hall et al, 2000):

Ce(0dd) = nCc+Cg
Cep (even) =Cg

And for effective inductance we have:

Lo (odd) =I-1,,

Loy (even) =1+,
As the above equations indicate, for the case of differential signaling (or out-of-phase
signaling), the effective capacitance is increased by the factor of # due to coupling
capacitances and the effective inductance is decreased due to the effect of mutual
inductance. In (Kahng et al, 2000) it was shown that # has the value of {0, 2 and 3}
depending on the mode of signaling and slew rates of the coupled signals. The typical value
for 7, for typical sharp input signals designs, is taken as 2.
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2.1.3 Differential Buffers

The configuration of differential buffers is based on current steering devices, in which the
output logic can be set by steering the current in the circuit. These devices are also
considered as Current Mode Logic (CML) circuits. CML circuits are known to outperform
the conventional CMOS circuits in Giga Hertz (GHz) operation frequency. A basic
differential buffer is given in Figure 4. The current source in differential buffer is the tail
current I;,. When the common-mode voltage Vo is applied to the differential buffer, due
to the symmetry of the differential buffer, the current is split equally between the two wings
(Iss/ 2). Increasing one of the input voltages which implies the decrease in the other one, will
result in increase in current of one branch and decrease in current of the other branch. Note
that the total possible current to steer is I;; and when one input voltage rises, the other one
decreases by the same amount. When the input differential voltage AV=V,-V’j, has passed
a specific threshold, in other words when one of the transistors derives all the possible
current from one branch the other transistors turn off, hence the output voltage reaches Vi,
whereas the first branch drops to Vus-Rls. Several differential loads also have been
introduced in the literature (Dally et al, 1998). These loads may use resistor, current mirror
and cross-coupled transistors. The differential load is characterized by its differential and
common-mode impedances, known as 74 and r. respectively. The differential impedance
determines the change in the differential current I, when the voltages on the two inputs of
the terminal are varied in opposite directions. The common-mode impedance implies the
average current changes when both input voltages are varied in the same direction.
Depending on the type of application, the design may chose from these design options.
Table I demonstrate the r4 and r, for each load.

R R
V’ou( Vout
Vin —| I—V’in
Iss
Fig. 4. A basic differential buffer )

Load Ic A

Resistor R R
Current-mirror 1/8m -1/
Cross-coupled 1/8m 1/8m

Table 1. Impedance of differential loads
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2.2 Differential Clock Distribution Networks (DCDNs)

As discussed previously, differential signaling offers higher immunity against external
perturbations. Due to the complexity increase and the need for error-free operation in
contemporary systems, the idea of integrating differential signaling and clock distribution is
seemingly becoming a viable solution for modern and for future IC designs.

Historically the idea of DCDN was to be utilized for off-chip clock distribution and for PCB-
level synchronization. This technique was utilized to reduce and suppress the Electro-
Magnetic Interference (EMI) of the neighboring circuits and systems waves. Due to the
superiority of DCDN, recently there has been a couple of works on on-chip DCDN as well,
such as (Sekar, 2002; Anderson et al, 2002). The idea of utilizing on-chip DCDN has not been
widely used in the literature. In (Anderson et al, 2002) a DCDN is used in global level of the
hierarchical CDN for Itanium Microprocessor. They reported that the use of DCDN has
given the advantage of 10% less skew variation. In (Sekar, 2002) it is reported that DCDN
has 25%-42% less sensitivity to power supply noises and 6% less sensitivity to
manufacturing variations when they utilized H-Tree DCDN.

A general model of a DCDN is given in Figure 5. The DCDN is composed of a differential
signal pair shown in two different patterns. The clock tree generally is a binary tree. The
differential signal is dispersed along the clock network. Throughout the clock network at
branching points the differential clock signals are regenerated by differential buffers to
improve the signal integrity of the clock network. Finally at the last stage, they are all
converted to single-ended signals for compatibility with the rest of the system functionality,
which normally use single-ended signals. For the regenerative buffers a simple differential
buffer introduced in the previous part can be utilized. The only design issue related to the
buffer is the choice of differential loads. Based on the process technology, or design criteria,
this item can be chosen from the design library. For final stage converters, usually the choice
of current mirror load is the superior choice. As Table 1 demonstrates, current mirror loads
have high differential output impedance which results in fast change in the output that is
used to drive the output of the clock network.

Differential clocking eliminates the induced crosstalk due to aggression of clock signals.
Clock signal is spread all over the chip area. It also has full switching activity. Also device
sizes tend to shrink as technology advances. These facts show that as technology advances
the clock signal aggression can be quite harmful for all system components all over the chip
area. Distribution of clock with differential signals eliminates this problem to a certain
extent, as both positive and negative signal values are applied and the noise would be
cancelled. Furthermore, as given in (Anderson et al, 2002), DCDN offers less skew variations
in the presence of external noises; it has less sensitivity in presence of supply and process
variations (Sekar 2005).

The aforementioned points are of the most important criteria/solutions for reliable system
design. Due to technology advances and increase in system complexity, the design with low
or no parameter variation in ideal case, has become the most concerning issue. Timing error
results directly in system malfunctioning. Thus designing a reliable and noise tolerant, clock
distribution may help significantly for a reliable system design. As introduced in the
literature, DCDN has these potentials; thus this design methodology can be a solution for
future robust system design.

Plus the pros and cons of DCDN, there are some design/synthesis challenges associated
with the efficient design of DCDNs. Some of most challenges may be summarized as:
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e Differential signaling is involved with higher parasitic, due the existence of
coupled lines. In this case the total power consumption is commonly increased.
e Coupled lines are commonly routed and synthesized using symmetrical path
models (which is not the general case).
e Routing complex DCDNs may take too much computation time. Using existing
routing methods is not time efficient.
Proposing solutions to address the above challenges can efficiently help the design and
synthesis of DCDNSs, needed for modern complex VLSI technologies. These solutions are
given in the following sections.

h 4

Fig. 5. A general structure for DCDN

3. Efficient design of DCDNs

3.1 Dynamic Threshold (DT) MOS for low-voltage DCDNs

For the design and synthesis of CDNs, buffers are inserted to improve the performance of
CDN:s in order to reduce the overhead capacitances. In this part, Dynamic Threshold (DT)
(sometimes referred to as Variable Threshold) transistors (Assaderaghi et al, 1997) are
utilized in conventional differential buffer structures. These transistors outperform the
conventional transistors in low voltage applications which are suitable for advanced low
voltage technologies. The use of DT transistors helps improve the buffer performance. DT
transistors switch faster since their threshold voltage decrease dynamically when the input
is applied to their gate terminal due to body effect. Such buffers are depicted in Figure 6
(Zarrabi et al, 2006). Figure 6(a) presents a Low-Swing:Low-Swing differential buffer. DT
transistors help improve the speed of these buffers when low swing inputs are applied to
the buffer. The use of cross-coupled differential load with high differential impedance helps
to have a fast transition of the inputs to the outputs. Figure 6(b) represents a Low-Swing:
Full-Swing level converter. This buffer is used at the sinks to restore clock signals to their
single-node full amplitude. The current-source pull-ups help to have asymmetrical fast
transformation of differential to single-ended signals. The structure is based on Chappell
amplifier which offers good common-mode noise rejection (Chappell et al, 1998).
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(@) (b)
Fig. 6. (a) Low-Swing: Low-Swing (b) Low-Swing: Full-Swing DT differential buffers

3.2 Differential low-power buffers

Recalling from Section 2.1.1, two voltage components are associated with differential
signaling: common-mode and differential. Common-mode also refers to DC voltage biasing
and is the voltage used for initial biasing of the differential buffer.

In order for receivers (differential to single-ended converters) to operate efficiently and have
a full/proper output swing, the common-mode voltage or DC biasing of the differential
buffer should be low enough to turn the input transistors off. In the literature, the method
used in order to overcome this issue is to increase the voltage swing as much as possible to
be able to decrease the common-mode voltage to the sufficient supply level (usually used
differential voltage of 50% of V) (Anderson et al, 2002; Sekar, 2005). This method results in
high power consumption in DCDN. Recalling from Section 2.1:

Vd[[f_low= Vdd‘RIss
The above equation implies that in order to increase the differential voltage swing, the tail
current need to be increased. This technique largely affects the power consumption in
DCDN. Note that, it is not possible to touch the load (R) as it directly affects the bandwidth
of the clock network. Therefore, in previous works, in order to reach sufficient output
swing, the differential voltage swing is increased to reduce common-mode voltage.
Correspondingly, a circuit technique is proposed to address this design problem.
The proposed technique for differential receiver is given in Figure 7 (Zarrabi, 2006). The
buffer configuration is based on Chappell amplifier as introduced in the previous section.
Attached to the buffer are the level-shifting circuits. The buffer functionality is as follows:
The dashed parts in Figure 7 are the level shifters (also referred to as source followers)
(Razavi, 2001). When the input is applied to the gate terminals of the level shifters, the
outputs are dropped and follow their inputs. In other words, the voltage gain equals one (no
voltage amplification), and the following relations are applicable (Broderson, 2005):

I=(6/2)(Vin-Vour-V1)2
Vour-=IRs
Vour =(Rsp/2)(Vin-Vour-Vr)?
Vin =Vourt+ Vr+[(ViN-2)/(Rsp)]05
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Fig. 7. Differential receiver with level shifter

The last result shows that Vour can be derived by solving the final equation iteratively.
However, by making the first order approximation that Rs is large enough (especially in
current sources) to make the third term equal to zero, we can conclude:

Vour= Vin-Vr
This shows that the output of the source follower circuits copies the input of the gates with a
shift of a transistor threshold which is a technology dependent factor. The transistor ratios
for buffers sizing are the same as the ones given in (Chappell et al, 1998). However, the total
size of the buffer is scaled to minimize the skew.
The above configuration for the differential receivers helps lower the common-mode (DC
bias) of the internal input transistors of the receiver. Utilizing this design technique, it is
possible to further reduce the differential voltage swing while maintaining a sufficient
output swing at the final nodes.
In order to perform differential voltage scaling in DCDN, previously a new design for level
converter was given. For the case of intermediate buffers, in order to be able to vary the
differential voltage while maintaining the linearity of the buffer, the differential load should
be reconfigured in a way to establish this design goal. In this part, a new configuration for
differential load is proposed which enables us to have linearity in the buffer. Figure 8 shows
the proposed buffer configuration.

Fig. 8. Differential buffer with composite load

The dashed part demonstrates the proposed composite configuration of the differential load.
Such composition enables the circuit to combine both the characteristics of the diode
connected device and triode transistor together to have a linear operating load in various
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voltage ranges (Dally et al, 1998). The proposed buffer based on composite differential load
is a technology portable design and can be used in any available design process whereas the
use of resistance is limited to current and future advanced technologies. This portable
design method comes at the price of increase in area and parasitic elements. The transistor
ratios (for buffers sizing) are 1 to 3 which refer to the ratio of pull up to pull down
transistors (L=2Lmin to reduce the channel length modulation effect). The total size of the
buffer is scaled to reach the objective frequency of operation.

4. Efficient synthesis of DCDNs

4.1 Zero skew DCDN routing

As seen in the overview section, DCDNs are commonly routed assuming symmetrical CDN
path models. This however is not the general case. Here we will propose a method for zero
skew routing of DCDNs applicable to general (asymmetric) path models. In the literature,
especially in (Cong et al, 1996) a comprehensive study on efficient clock routing is studied.
Tsay’s method (Tsay, 1991) is one of the methods introduced for zero skew routing of clock
trees. In order to route differential clock trees with zero skew characteristic, the existing
methods are modified to satisfy design objectives. To achieve this aim here in this part, a
line equivalent delay model is utilized. The model is applied to Tsay’s method (Tsay, 1991)
for zero skew routing of differential clock trees (DCDNSs).

4.1.1 Utilizing Tsay’s method

In this method, zero skew is achieved by locating tapping points throughout the clock tree.
Tapping points are the branching points at which sub-trees are chosen to maintain equal
delay as shown in Figure 9.

Subtree |

Decoupled int. |

x
Tapping Point C subtree
=

I-x

- tsubtree | (t1)

[

=

Decoupled int. 2

C subtree 2
Subtree 2

Fig. 9. Tapping point extraction through merging decoupled sub-tree(s)

- t subtree 2 (12)
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=

As was seen in Section 2.1.2, the effective capacitance associated with each segment of a
coupled line, considering both intrinsic and mutual effects is:

Cer(0dd) = nCc+Cg
The effective capacitance is applied to both signal lines independent of each other; in this
way, we call these lines as decoupled lines and we name this model as decoupled line model.
This model is employed for the purpose of clock routing. In this way, the decoupled RC-IT
delay model is used to model interconnects. The methodology of tapping extraction is as
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follows. Figure 9 shows a schematic of a decoupled clock tree branch in which each line of
the branch is a decoupled distributed RC model connected to its sub-tree child, for which
the distributed line propagation delay is given by #;,=0.37R;»C.s. Each sub-tree is modeled
by a total capacitance Caupie and total propagation delay fopie as shown in Figure 9.
Considering tapping location x, to satisfy the equality of the two branch delays, the
following equation is realized:

tint1+0'74Rintlceﬁsuhtreel+t]= tinp 0. 74Rint,2ceﬁsubfree,2+t2 *
In the second part of the equality, since the interconnect resistance combined with sub-tree
capacitance creates a Lumped loop, it has the lumped propagation delay of 0.74R;uCuptree.
Rewriting interconnect parasitics by per unit length parameters, we have:

Rint1=roxl, Cinti=coxl
Rintz=ro(1- x)I, Cinn=co(1- x)!
in which rp and ¢y are the resistance and capacitance per unit length of the wire, [ is total
interconnection length between the two sub-trees and tapping location x. Solving Equation
* with respect to x results into:

x:[l .35 (tintZ'tin tl) +rol (Ceﬂ51lbf7662+0-5501)]/[7’01 (Ceffsubfreel +col+ CeffsubtreeZ)]
In case of (x <0 or x > 1), elongation would be needed. Elongation is the process of adding
extra wire length to the sub-tree which has less effective capacitance, in order to equalize the
delay of both sub-trees. The length of elongation to maintain zero skew is given by:

L'= ['2 Orl)ceﬁsubtmez"'z (1 00r¢? Ceﬂsubtr‘6622+2 707’060(tint2'tintl))o's]/[z 07’060]
This methodology is applied for zero skew routing in DCDNs. The results are given in
Section 5.1 will validate the efficiency of this methodology.

4.2 Parallel synthesis of DCDNs

CDN synthesis is one of the primary time-consuming steps, performed in the synthesis flow
of VLSI systems. Especially with the growth of complex SoCs in current advanced
technologies, this part has become more complicated and less computational cost-effective.
Many efforts have been put into parallel computer aided design, all with the goal of
reducing the computation time. In literature, methodologies have been proposed for parallel
synthesis of CDN such as the ones proposed in (Banerjee et al, 1992; Banerjee, 1994). These
methods however, focus mainly on the single-ended clock tree structure. In this section, the
goal is to leverage distinctive features of parallel computation to reduce computational time
required to synthesize DCDNSs (Zarrabi et al, 2007). The methodology utilizes and extends
the technique proposed in Section 4.1, to synthesize zero skew DCDNs in parallel. This is a
flexible methodology, applicable to symmetric/asymmetric and hybrid (differential and/or
single-ended) clock tree structures.
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Fig. 10. Parallel DCDN distribution: a) partitioning the die area into sub-regions, b) locating
the clock-root of each region, c) finding the source of the clock network

The methodology for parallel synthesis of zero skew DCDNss is as follows. Initially the total
chip area is partitioned into sub-regions (partitioning phase). Later, synthesis of zero skew
differential clock distribution networks is performed on each of the partitioned regions
(local clock distribution phase). In the final stage, the global differential clock network is
routed for each of the previously-extracted clock-roots of the sub-regions (global clock
distribution phase). The obtained source of the clock network can end up anywhere in the
whole chip area (Manhattan surface), regardless of the initial partitioning. The proposed
scenario is illustrated in Figure 10. The proposed method may be implemented using C++
language and the Message Passing Interface (MPI) platform (MPI). A pseudo-code
describing the method is given in Figure 11.

A possible negative side effect of parallel synthesis is the increase in the total wire-length in
the clock network. This could be interpreted as the impact of multi-stage distribution of the
clock network which results in initial local zero-skew clock networks and a final global clock
network routed on top of regional clock networks. In general, this parallel processing
approach results in a clock-tree different from the one routed in a single step, due to die area
partitioning; thus, the characteristics of the new clock tree such as total wire-length and
skew may be slightly different. This proposed methodology is flexible, as it allows having a
hybrid (differential and/or single-ended) distribution of the clock network. The global CDN
could be differential, while the local (lower levels) CDNs could be single-ended to alleviate
routing complexity. It is possible to enhance the global/local distribution algorithm with
refined interconnect models. This methodology is also applicable to all
symmetric/asymmetric clock-trees.

Parallel Zero Skew Differential Clock Distribution
(Clock-sinks, Number of Processing-nodes)
{
1. Partition chip area according to the number of processing nodes.
2. Apply ‘local’ zero skew (differential) clock distribution to the partitioned
areas and send the clock-tree root(s) to the root processing node.
3. Receive the processed clock-tree root(s) from processing nodes, and, apply
‘global’ zero skew (differential) clock distribution.
4. Return the obtained final clock-tree root as the source of the (differential)
clock distribution network.

}

Fig. 11. Pseudo-code for parallel synthesis of zero skew differential clock distribution
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5. Results

In this section, the quantitative results related to the given design and synthesis methods for
DCDNs are given.

5.1 Zero skew routing

The zero skew routing method, inspired by Tsay’s algorithm and given in Section 4.1, was
applied to IBM benchmarks rl...r5 (Tsay, 1991). Modified Tsay’s method (for differential
signal integrity) was implemented using C++ for clock routing, and PERL language for
netlist manipulation was utilized for design and simulations. HSPICE simulation results for
the proposed method are tabulated in Table 2. The delay and skew results presented
throughout this work represent the average and absolute difference of clock signal phase
delay at sink nodes respectively.

Two methodologies were used for routing differential lines: Single-Spaced (SS) and Double-
Spaced (DS) routing. In single-spaced routing scheme, the mutual coupling effects are
stronger, therefore differential characteristics of the pair is more dominant. DS offers smaller
mutual coupling, consequently this reduces delay while degrading noise immunity. This is
due to the fact that the stronger the coupling effect is, the stronger common-mode noise
rejection becomes.

Table 2 demonstrates that, on average, clock trees generated with the proposed model show
97% skew reduction compared to those obtained using Elmore model, i.e. neglecting
coupling effects. This improvement is achieved because coupling effects of differential lines
are more accurately considered in the algorithm leading to tapping point selection. As
technology advances the coupling effects increase and we are no longer able to neglect these
effects in system modeling. In this case, neglecting the coupling effects, results in the
misplacement of tapping points and reduces the effectiveness of the considered zero skew
DCDNs. Simulation results also show smaller delay and skew for the DS scheme due to
reduced coupling, however this design strategy as we will see degrades robustness in
presence of external noise.

Single Spaced (SS) Single Spaced (SS) Double Spaced (DS)

iigil Elmore Proposed | Proposed Elmore Proposed | Proposed

Skew (ps) | Delay (ns) | Skew (ps) | Delay (ns) | Skew (ps) | Delay (ns)
rl 115 1.1 5.9 1.1 24 0.9
r2 199 3.8 15 3.7 8.8 3.3
r3 341 51 14 5.1 8.0 4.6
r4 759 17.5 36 17.1 20 14.5
5 1825 34 51 34 39 28

Table 2. Skew and delay of DCDN for r1-r5 benchmarks in 180nm technology
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5.2 Applying DT buffers

Buffers were inserted to improve the performance of benchmark clock networks. The buffer
insertion procedure is as follows. Low-swing buffers were inserted at branching points and
level converting buffers were inserted at sinks. Low-swing buffers are sized to reduce
propagation delay throughout the clock network. To accomplish this, a base size for buffer
according to its delay-power characteristic diagram was chosen to drive a unit length
interconnect segment. Further, the buffers were uniformly sized according to the longest
interconnect. Full-swing level converters (differential to single-ended) were composed of
minimum size transistors to reduce the power consumption and skew reduction; their sizes
were scaled up relative to their load capacitance.

Low-Swing Low-Swing Full-Swing
izral:l}; Conventional Proposed Conventional
Skew (ps) | Delay (ns) | Skew (ps) | Delay (ns) | Skew (ps) | Delay (ns)
rl 695 9.6 545 7.0 71 11
r2 844 10 679 7.7 163 13
r3 808 10 667 7.8 127 13
r4 1388 119 981 8.8 379 1.6
5 1566 13.1 1135 9.6 532 1.9

Table 3. Buffered DCDNs (Full-Swing Vdd=1.8V, Low-Swing Vdd=0.5V)

Table 3 shows the skew and delay difference for similarly sized, buffered DCDN based on
the conventional (Dally et al, 1998) and the proposed buffers. It shows 25% delay and skew
improvement on average compared to conventional buffers in low-swing differential
clocking scheme. Results show that the delays are reduced significantly while skews are
degraded as compared with un-buffered DCDN:. It is believed that skews in buffered clock
networks can be reduced significantly by enhancing the process of buffer insertion. For
instance, differential buffers delay model should be considered when tapping points are
selected in the zero skew DCDN design algorithm.

Skew Variations for Different CDNs in presence of Crosstalk

Low Swing
I Full Swing

% Skew Variations
@
T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I

0

Single Differential (SS) Differential (DS)
Clocking Schemes

Fig. 12. Skew variations due to crosstalk

With regards to the skew sensitivity of the proposed DT DCDNSs, two types of external
aggressors, resulting into random skew are investigated: power-supply variations and
crosstalk. Comparisons were made between similarly designed single-node CDN, single-
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spaced DCDNs and double-spaced DCDNs (Figure 12). Benchmark r3 is used for
simulations due to its average characteristic in terms of size and simulation time. For the
low-swing scheme, the power supplies were Vqqu=1.8V & V441=0.5V, whereas for full-swing
scheme a single supply voltage (Vaan=1.8V) was used. In those experiments, supply-
voltages were varied by £10%.

Simulation results show that for both clocking schemes, the single-spaced DCDN is the most
robust design method in the presence of power-supply variations when compared to other
CDNs. Skew variations increase when low-swing clocking is used. Double-spaced DCDN
has less robustness to supply variations. DCDN is seen to have up to 25% less skew
variations in low-swing clocking scheme and up to 9% less skew variations in full-swing
clocking scheme than single-node CDN, in presence of power-supply variations.

Another source of perturbation that causes delay uncertainty in CDNs is crosstalk. For
experiments, a full-swing aggressor is applied to one of the two big-child of the clock tree.
The same low-swing and full-swing clocking schemes were considered. Simulation results
show that the single-spaced DCDN shows 6% less skew variations when combined with low
swing clocking scheme and 9% when combined with full swing clocking scheme as
compared to single-node CDN subject to crosstalk.

5.3 Applying low-power buffers

In this part, the effect of employing low-power buffers introduced in Section 3.2 is studied.
For comparison and performance evaluation of clock networks, a set of 400 MHz CDNs
were designed for benchmark r3 due to its average size suitable for simulations. All reported
designs were minimally sized to meet the target operating frequency (400MHz) based on
180nm technology parameters. In DCDNs, the differential signal swing was scaled by
adjusting the tail current source of intermediate differential buffers. The lowest potential
reached by either part of the differential signal is Vas-RIss where Vg, is the supply voltage, I
is the tail current and R is the equivalent resistance of the transistor loads. Note that, the
load resistance determines the bandwidth of the clock network; hence the only possible
variable to tune is the tail current to scale the differential voltage swing. In the following, the
effect of differential voltage scaling on power consumption and clock skew variations in the
presence of power supply variations is explored.

Skew Variations for Different Low Swing CDNs Skew Variations for Different Full Swing CDNs

Single Single
—@— Differential (SS) g —@— Differential (SS)
A Differential (DS) A Differential (DS)

% Skew Variations
% Skew Variations

8o . . .
1.62-0.45 1.79-0.475 1.8-0.5 1.89-0.525 1.98-0.55 1.62 17 1.8
Voltage Supply VddH -VddL (V) Voltage Supply (V)

Fig. 13. Skew due to supply-voltage variations in low/full -swing schemes

1.89 1.98
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5.3.1 Effect on power consumption

The tail current affects both the short circuit and dynamic power dissipation. Figure 14
demonstrates the effect of differential voltage scaling on the power consumption of DCDN
and its single-node CDN counterpart both optimized for the same benchmark; which is
obtained by scaling the tail current source of the differential buffer.

Figure 14 shows the power consumption obtained with three different clocking schemes:
differential CDNs with composite-load buffers, differential CDNs with only grounded-gate
load transistor buffers and the conventional single-node clocking scheme. The reason for
exploring the network with only grounded-gate load transistor buffers is to demonstrate the
effectiveness of composite-load buffers in terms of reduced sensitivity when large signal
swings are considered. In this case, the size of the load transistors is increased (by
approximately 20%) to get the same amplitude for a given tail current. The CDN used as
reference is a conventional balanced single-node clocking tree, where transistors have the
minimal size necessary to give full output swing while operating at the target frequency
(400MHz).

T T T T
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-4+ DCDN Composite Load

==¥- DCDN GND Load
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Differential Pair Swing Scaling (%Vdd)

Fig. 14. Power consumption for voltage scaled DCDNs vs. a single-node CDN (r3).

Figure 14 shows that as the differential swing increases beyond 25% of supply-voltage
(450mV, V34=1.8V), the power consumption increases drastically. This emphasizes the
significant impact of large differential voltage swings on the power consumption of the
clock network. For differential voltage swings below 450mV, the power consumption is not
reduced much if the differential swing scaling is further reduced. A lower bound of 10% of
Vaa was imposed to the differential swing to ensure a sufficient noise margin. Another
consideration is that even with a differential swing as low as 10% of Vi (180mV), the power
consumption of the differential clock network remains almost 30% higher than that of
single-node clock distribution network. Thus, trying to match the power dissipation of a
single-node network by decreasing the swing of differential networks does not appear to be
a viable option. A final observation from Figure 14 is that the DCDN with grounded-gate
loads (GND) consumes less power over a limited region where the differential swing is
large. However, as we will see in the following, this slight reduction in dissipated power
comes at a large price in clock skew variability.
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5.3.2 Supply-voltage scaling

In the previous section, we observed that the reduction of the differential swing has a strong
impact on the power consumption. For differential swings smaller than 25% of Vi, the
power consumption becomes less than half of that observed when the clock network
operates with the voltage swing of 50% of V. Second, as Figure 15 suggests, due to the
fluctuations of common-mode voltage in the clock network, the voltage swing of 25% of V4
(450mV) shows the least skew when the clock network is subject to supply variations. We
also observe that DCDN with composite load is more robust. This is due to the linear
characteristic of composite load buffers, as was seen in Section 3.2.

300 {-"#-DCDN Composite Load |- — + — —| — —
—4— Differential GND Load

Max Skew Variations (%)

|
| |
10 15 20 25 30 3 40 45 50
Difterential Pair Swing Scaling (%Vdd)

Fig. 15. Peak to peak skew variations in differential voltage scaled DCDNS.

Taking these considerations into account, we consider a design point for which the
differential swing is 25% of Vi (450mV) and we reduce the supply voltage to the point
where we reach the same power consumption as that observed for the single-node and
differential clock networks. HSPICE simulations demonstrate that for a supply voltage of
1.4V and differential swing 450mV, we obtain the same power consumption for the
differential clock network. Yet, as can be observed from Figure 16, the variation of clock
skew is still less than that of the comparable single-node CDN. Another interesting point
that was observed during supply voltage scaling in DCDN is a negligible signal latency
difference. This can be justified since as the tail current is lowered to achieve lower
differential swings; the necessary differential voltage needed for the differential buffer to
switch is also decreased. This enables the differential buffer to operate/switch faster than in
the case where greater supply voltage with greater differential swing is used. Also as
observed from Figure 16 and as discussed previously, the DCDN based on only grounded-
gate loads is less resilient.
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Skew Variations for Different Clocking Schemes @ 400 MHz Frequency

Single
—@— Differential (1.8V) Composite
- Differential (1.4V) Composite
--+-- Differential (1.4V) GND Load

Less Power
Consumption

% Skew Variations

Less Varations

-10% 5% 0 5% 10%
Voltage Supply Variations (V)

Fig. 16. HSPICE simulation show less variations in DCDN compared to single-node CDN
for equal nominal power consumption.

5.4 Parallel zero skew routing

Benchmarks from (Tsay, 1991) with as many as 3101 clock sinks and total area as large as 1.4
cm * 1.4 cm were chosen. The reported results are based on 180nm CMOS technology file,
for which interconnect parameters are: Cgz= 8e-17(F/um), C.= 8e-17(F/um) and
Rin=0.022(Q/um). The processing time, speed up and resulting simulated skews when
synthesizing zero skew DCDNs using 1 (sequential), 2 and 4 processing nodes are reported
in Table 4. These results demonstrate a nearly-linear speed-up. It is expected that for very large
benchmarks, the speed-up grows linearly when the number of sinks is sufficiently large
compared to the number of processing nodes. Thus, the processing time overhead due to
performing that synthesis in parallel was almost negligible. Figure 17 confirms these
observations for 2 and 4 processing nodes. As the number of clock sink nodes increases, the
speed-up (dashed lines) converges to the maximum expected speed-up (rigid lines).

Benchmark Skew (ps) Computation Time (s) Speed-Up

(#ofsinks) | 1PN | 2PN | 4PN | 1PN | 2PN | 4PN | 1PN | 2PN | 4PN
(8r632) 14 | 12 | 14 | 070 | 048 | 021 | 10 | 145 | 324
(1;33) 36 35 3 | 160 | 090 | 046 | 1.0 | 176 | 3.46
(3;‘31) 51 49 52 | 274 | 145 | 073 | 10 | 189 | 3.74

Table 4. Run-time and speed-up results of benchmarks

In general, the parallel processing approach results in a clock-tree different from the one
routed in a single step, due to die area partitioning; thus, the characteristics of the new clock
tree such as total wire-length and skew may be slightly different. This proposed
methodology is flexible, as it allows having a hybrid (differential and/or single-ended)
distribution of the clock network. The global CDN could be differential, while the local
(lower levels) CDNs could be single-ended to alleviate routing complexity. It is possible to
enhance the global/local distribution algorithm with refined interconnect models. This
methodology is also applicable to all symmetric/asymmetric clock-trees.
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Fig. 17. Speed-up approaches its maximum, as the size of clock network increases, for 2 and
4 processing node synthesis cases.

6. Conclusions

In this chapter, some techniques for efficient design and synthesis of on-chip Differential
Clock Distribution Networks (DCDNs) were given.

Initially design techniques were proposed that improve the performance of differential
buffers which result into the performance improvement of DCDNs. This was achieved by
means of introducing configurations for differential buffers based on Dynamic Threshold
(DT) transistors. It was shown that for low supply-voltages, they outperform the
conventional buffers with 25% delay reduction. Also, in order to overcome the high power
consumption of DCDNSs, a circuit configuration was proposed by which it is possible to
reduce the differential voltage swings (down to 10% of Vg;) which reduces the power
consumption significantly (30% more than single-node CDN). Furthermore, by scaling the
supply voltage of the system from 1.8V to 1.4V, we reach a design point where the DCDN
consumes the same power as its single-node CDN counterpart but has less variation (in
terms of skew). This however comes at the expense of delay and reduced voltage swing.
Various synthesis techniques were introduced that improve the DCDNs routing to achieve
low (and possibly zero) skew. For this, a line equivalent delay model was suggested by
which it is possible to route DCDNs with low (zero) skew. On average, 97% skew reduction
was obtained utilizing this model compared to the classic Elmore delay model. A
methodology for parallel distribution (routing) of zero skew DCDNs was also proposed.
The method is applicable to all symmetric/asymmetric clock networks with ability for
hybrid implementation (differential and/or single-ended). The proposed method alleviates
the problem of high computational cost of such CDNs in complex VLSI systems. Utilizing
this method, nearly-linear speed-up is achieved for zero skew DCDNSs.

In the hierarchy of CDNs in modern high-performance complex systems, DCDNs can be
effectively fit in the global level of CDNSs; yet they can be used as the sole solution to the
clock distribution of the system, when noise is the main design issue.
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