Using Rotary Clock For Low-Power Clock Distribution

ABSTRACT

Rotary clock is a recently proposed clock distribution technique
based on wave propagation in transmission lines. In this paper, we
investigate the problem of power minimization of rotary clock de-
signs. Specifically, we have developed a software tool based on the
method of partial element equivalent circuit (PEEC) that is capable
of extracting the SPICE netlist from the layout specification of a
rotary clock design. Using our tool, we have performed extensive
analysis that links various design parameters of a rotary clock de-
sign to its oscillation frequency and power dissipation. Based on
the results of our analysis, we then propose a power minimization
algorithm. Our algorithm derives a rotary clock structure that dissi-
pates minimal power while satisfying the clock dimension require-
ment and oscillating at the target frequency with the given clock
load. Experimental results have demonstrated that, for target op-
erating frequencies ranging from 0.5 to 5 Gigahertz, rotary clock
designs can achieve power savings of up to 69% in comparison
with conventional clock tree implementations.

1. INTRODUCTION

In most synchronous CMOS ICs, global clock signals are transmit-
ted from the clock source to individual registers using a network
of interconnects and buffers. Electronic charges are placed on the
clock network from the power grid during the charging procedure
and drained to the ground during the discharging phase. Conse-
quently, the power dissipation of clock networks increases signifi-
cantly with the increase of operating frequencies and chip dimen-
sions of modern VLSI systems. The design of low-power global
clock distribution networks has become one of the major challenges
for the IC industry.

Clock distribution networks can be designed as LC oscillators since
clock signals simply oscillate at a given frequency. These oscilla-
tors store the energy in the inductors during the discharging phase
and reuse it during the charging procedure, potentially achieving
low-power clock distribution. In particular, the rotary clock tech-
nique proposed in [23] is one of such approaches. However, no
design methodology has been presented to minimize the power dis-
sipation of rotary clock designs. As a result, the true power saving
capability of the rotary clock scheme remains unknown.

In this paper, we investigate the low-power synthesis of rotary clock
structures. Two major contributions are presented. First, we have
developed a layout extraction tool for rotary clock designs. Our tool
is based on the PEEC method [18] and therefore is highly accurate.
Using our extraction tool, we are able to perform an extensive anal-
ysis that links various design parameters, e.g., interconnect width
and separation, to the oscillation frequency and power dissipation
of a rotary clock design. Based on our analysis, we then propose
a novel low-power rotary clock design methodology. Specifically,
given a design specification including the target clock frequency,
the clock structure dimension, and the total clock load, our scheme
searches for a rotary design with the lowest power consumption
while satisfying the design specification. To our knowledge, our
work is the first attempt on rotary clock power minimization.

We have applied our power minimization algorithm to rotary clock
designs with a range of target frequencies, various dimensions, and
different clock loads. Experimental results demonstrate that, in
comparison to the power-unaware approaches, our scheme achieves
an average power reduction of 24.3%. Our data also reveal that the
rotary clock scheme can reduce the power consumption by 69% in
comparison to clock tree designs.

The remainder of this paper is organized as follows. Section 2
briefly reviews previous clock distribution schemes. It also pro-
vides the background material on the rotary clock design. In Sec-
tion 3, our layout extraction tool is described. In Section 4, de-
tailed analysis is given that relates various design parameters to the
frequency and power of a rotary clock design. Our power mini-
mization methodology is proposed in Section 5. Section 6 gives
the experimental results. Section 7 summarizes our paper.

2. BACKGROUND

2.1 Previous Clocking Schemes

Extensive efforts have been devoted to global clock distribution [3,
4]. This section can only give a very brief review on the related
research due to space limitation.

Early clock distribution networks are implemented using clock trees.
For modern VLSI designs, however, the combination of high target
frequencies and significant physical variations makes it very dif-
ficult, if possible, for even balanced clock trees, e.g., H-trees, to
satisfy the strict clock skew requirements. Consequently, non-tree
topologies, e.g., meshes [16] and spines [9], are widely adopted.
In addition, active devices such as PLLs are often added to further
reduce clock skews [7, 21]. As a result, clock networks become
highly complex, leading to large power consumption. A plethora
of research has been proposed to reduce the clock power, which in-
cludes clock signal activity reduction, clock swing reduction, and
clock load reduction [8, 13].



Conventional clocking schemes based on capacitance charging be-
come incompetent in implementing low-power clock distribution
for future SoCs due to the high dynamic power consumed by the
large clock load. Clocking techniques based on the LC resonant
oscillation have been proposed. Such oscillators have energy recov-
ery capabilities and therefore can provide stable clock signals while
dissipating a small amount of power. In particular, a clock network
based on standing-wave oscillators are presented in [12]. In [24],
a single-phase resonant clock structure for adiabatic circuits is de-
scribed. However, both schemes produce sinusoidal clock wave-
forms and require sine-to-square wave converters or special logics,
which lead to power overhead.

2.2 Rotary Clock

Rotary clock is a resonant clock distribution scheme that produces
square-wave clock signals. The circuit structure of rotary clock and
its operating principle can be explained by Figure 1. Specifically,
a rotary ring is a double loop made of interconnects. A voltage
wave can propagate in the transmission line formed by the parallel
interconnects of the inner and outer loops. Since the transmission
line inverts at point A, the voltage wave changes its polarity during
the consecutive rotations. As a result, every location along the ring
provides a square-wave clock signal. Registers can be connected to
the rotary ring by attaching their clock inputs to the interconnects.
Inverter pairs connected back-to-back are attached to the clock ring
to compensate the energy loss due to the resistivity of the intercon-
nects so that the clock wave can be sustained indefinitely. Multiple
rotary rings can be connected to form a rotary array as shown in
Figure 1(b). The adjacent rings are joined together by two nodes,
one in the inner loop and one in the outer loop. The clock phases
of different rings are locked at the merge points so that the rings
synchronize themselves at a single frequency.
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Figure 1: Rotary clock structure(a) ring (b) array.

The design and optimization of rotary clock arrays are much more
challenging than those of the conventional clock networks. A ro-
tary array has many design parameters that need to be determined,
including the number of rings, the dimension of each ring, the in-
terconnect width, the separation between the inner and outer inter-
connect loops, the number of inverter pairs, and the location and
size of each inverter. Moreover, the selection of these parameters
must satisfy two constraints. Specifically, different from the con-
ventional clock networks, a rotary clock structure does not contain
a clock source. As a result, the design parameters must be selected
so that the resulting rotary array oscillates at the target frequency
with the given clock load. Second, since the registers are attached
to the rotary clock interconnects, the rotary array must cover the
entire chip to facilitate the register placement. In addition to sat-
isfying the above constraints, the rotary clock array must dissipate
the minimal power.

In this paper, we introduce some restrictions on the selection of ro-

tary array parameters to simplify the design procedure. First, the
number of inverter pairs per rotary ring is fixed. Moreover, all the
inverters are same and distributed evenly along their corresponding
rotary rings. As a result, we can use the inverter width to describe
the inverter design. Second, we assume that both the rotary array
and rotary rings are in square shape. Therefore, we can use the
width of a ring or an array to represent its dimension. Third, we
make all the rings in an array identical and assume that clock load
can be evenly distributed to all the rings. Consequently, once one
rotary ring is designed, we can connect multiple rings in a grid
fashion to form the array as shown in Figure 1(b). Finally, we as-
sume that all interconnects have the same width and the separation
between the inner and outer interconnect loops are uniform. With
our simplification, the problem of low-power rotary clock (LPRC)
design can be described as follows:

Problem LPRC: Given a target frequency F, the total capacitive
clock load C, and clock array width D, compute the interconnect
width w, the interconnect separation s, the width of the inverters W,
and the width of a single rotary ring d so that n = D/d is an integer,
and the rotary clock array made of | (n?+ 1)/2] rings oscillates at
F with C evenly distributed to all the individual rings.

3. PEEC BASED EXTRACTION TOOL

To derive an efficient algorithm to solve Problem LPRC, it is crit-
ical to understand the relations between various design parameters
and the frequency or power dissipation of a rotary clock structure.
To this end, we have designed a layout extraction tool based on
the PEEC method. Our tool is capable of converting the geometric
specification of a rotary ring into a SPICE netlist. Consequently, we
can accurately derive the oscillation frequency and power dissipa-
tion of the rotary ring using SPICE simulations. In this section, we
first describe the PEEC method. We then present our PEEC-based
extraction tool.

3.1 PEEC Method

The PEEC method is proposed to derive the equivalent circuit for
a design that consists of an arbitrary number of conductors in any
shapes [17, 18, 19]. It is considered as a highly accurate scheme
and has been widely used in applications such as RF system design
[10, 14] and spiral inductance extraction [11, 22]. Specifically, the
PEEC method is based on the Maxwell’s equation used to com-
pute the electrical field E at any 3-dimensional point 7 and time t,
namely

J(m,t) N 0A(T,1)

E(T,t) = 5 5

+0o(Tt), (1)

where J, o, A, and @ are the current density, conductivity of the
conductor, magnetic vector potential, and electric scalar potential,
respectively. The magnetic vector potential A and electrical scalar
potential @ can be calculated by integrating the current density J
and charge density q within all conductors, respectively:

K T 4!
= _ s Jrth
S0 = 5 e ©

K ! 1!
5 Lo,

D(T,t) 3)

where K is the number of conductors, ¥ is the location of dv/, and
vk represents the volume of conductor k. The parameters p and €
are permeability and permittivity of the medium at 7. The variable



t’ is the retarded time and can be calculated as:
1 __ |F— r'I|
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where c(7, ) is the average speed of the electromagnetic wave be-
tween 7 and 7.

4)

Although Equation (1) accurately captures the electrical field, its
application to real circuit is limited due to its high computational
complexity. The PEEC method simplifies Equation (1) by intro-
ducing several approximations. Specifically, since the dimension
of the target circuit is often small, the retarded time t’ at any loca-
tion dv' is set equal to t. Furthermore, each conductor is divided
into several elements so that the current density is constant within
each element. As a result, the electrical field can be derived by
combining Equations (1)—(3) as follows:
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where Ny is number of elements in conductor k, and vy and Jyy are
the volume and current density of the nth element in conductor k.

The first and third terms in the right hand side of Equation (5) are
related to the resistance and capacitance of the conductors, which
can be extracted from the geometric description of the design. The
second term is related to the inductance effect, which is modeled as
follows. Without losing the generality, all elements vy are assumed
to be cylinders with current flowing in parallel to their own axises.
Furthermore, let ank be the cross-section area of the cylinder v.
Given a cylinder s, the voltage potential v5 between the top and
bottom surfaces contributed by the inductance effect can be derived
by integrating the second term in the right hand side of Equation (5)
along the axis of s:
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where 0 is the angle between the axises of s and vy, Ink is the
current through vy, and 12 and I€ are the two end points of the axis
of s. If we denote
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Equation (6) can be rewritten as
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Apparently, Lspn, can be considered as the partial inductance ex-
tracted between elements s and vy. The inductance effect of all
the conductors can therefore be represented by a set of partial in-
ductors. Together with the other extracted circuit components, e.g.,
resistors and capacitors, these inductors can be simulated in SPICE
to derive the electrical behavior of the given 3-dimensional design.

3.2 Rotary Clock Extraction
In this subsection, we present our layout extraction tool based on
the PEEC method for rotary clock designs. Figure 2 illustrates our

way to partition a rotary clock structure. As can be seen, except
for the region where the inner and outer clock rings switch, the in-
terconnects are either horizontal or vertical. To apply the PEEC
method, we first partition the interconnect into pairs of parallel
metal lines along the current flowing direction. We then divide
each metal line within every parallel interconnect pair into several
evenly wide filaments as shown in Figure 2. In the current version
of our tool, we do not divide the interconnect along the up-down
direction. As a result, we only need to determine two segmentation
parameters: the length of the interconnect pairs I and the width of
the filament wjs.

Two important issues need to be addressed in the selection of I
and wi. First, their values must be small enough so that the circuit
netlists extracted reflect the transmission line characteristics, ensur-
ing the accuracy of the ensuing circuit analysis. On the other hand,
since the number of mutual inductance grows quadratically with
the number of elements, the values Ip and w¢ must be large enough
so that the number of elements generated is limited, avoiding the
prohibitively long circuit simulation time. In the transmission line
analysis, a rule of thumb for maintaining high accuracy is [20]

tprop <tr, )

where tprop is the time-of-flight derived using the element length
and t; is the signal rising or falling time, whichever is smaller. In
the rotary clock, the velocity of the traveling wave is 2l fc, where
| is the perimeter of the rotary clock structure and f¢ is the clock
frequency. As a result, tprop can be calculated as

Combining Inequality (9) and Equation (10), we have
Ip < 2lfctr (11)

In addition, since each interconnect filament will be converted into
a lumped inductor as shown in Figure 2, any inverter pair can only
be connected to the two endpoints of the filament. Therefore, we
must have

where dipy is the distance between adjacent inverter pairs. Conse-
quently, we set I, to the maximum value that satisfies Inequalities
(11) and (12). To determine the width of the filament w, we follow
the empirical rule below based on the experimental data in [15].

wi <0.1s, (13)

where s is the space between the inner and outer interconnects of
the rotary clock structure.

Once a rotary clock design is partitioned into multiple segments,
its equivalent circuit is then extracted. Specifically, the self induc-
tance of the element is derived in the same way as that in [15]. The
mutual inductance between any two elements depends on the ori-
entations and locations of both elements. For rotary clock designs,
there are four different cases as shown in Figure 3. When two el-
ements are perpendicular to each other, as shown in Figure 3(a),
their mutual inductance is often negligible and therefore set to zero
in our scheme. For the other three cases in which the elements are
in parallel, the mutual inductance values are calculated using the
analytical formulas in [6].

The modeling of resistance, capacitance, and transistors is straight-
forward. Specifically, the resistance of each element is derived us-
ing the element dimensions and the sheet resistance. The capac-
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Figure2: Segmentation of rotary clock.
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Figure 3: Four casesin the mutual inductance derivation.

itance is calculated by scaling the values extracted by icfb, a Ca-
dence layout design tool. The transistors are represented by the
corresponding SPICE models from TSMC.

4. FREQUENCY AND POWER ANALYSIS
OF ROTARY CLOCK DESIGNS

Our PEEC-based extraction tool can convert the layout of a rotary
clock design into a SPICE netlist. As a result, we can accurately
derive the timing and power information of the rotary clock design
using SPICE simulations. We next perform a detailed analysis on
rotary clock designs.

We first investigate the selection of interconnect width w and sepa-
ration s. Specifically, we have designed and simulated a set of ro-
tary rings with constant length and capacitive load. Figure 4 shows
the solution space with contours of constant frequency and power.
The constant-frequency contours close to the horizontal axis repre-
sent low frequencies. As a result, oscillation frequency is a mono-
tonic function of w. The solutions with a constant power P, form a
closed curve u. The solutions inside u dissipate less power than Py.
It is clear that the power curve is convex with only a single min-
imum. Note that, since the separation s is defined as the distance
between the centerlines of the interconnects in the inner and outer
loops, it must be larger than the interconnect width w. As a result,
the top-left corner of the solution space is not realizable.
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Figure4: (a) Frequency and (b) power contoursof arotary ring
with respect to interconnect width and separ ation.

Similarly, we plot the frequency and power contours with respect
to the clock load ¢ and inverter widths W in Figure 5. (The width of
the NMOS transistor is used to represent W and the PMOS-NMOS
transistor width ratio is kept constant.) Both ¢ and W affect the
frequency by changing the equivalent capacitance of the transmis-
sion lines in the clock ring. As a result, the frequency contours
are straight lines. The gradient of the frequency surface is nearly
horizontal, indicating that the passive capacitance load has a larger
impact than inverters, whose gate and drain capacitances are rela-
tively small. The power contours are also close to straight lines.
However, the power impact of inverters is comparable to the clock
load. It is worth pointing out that there is an empty zone at the right-
lower corner of the figures. Such a scenario is explained by the fact
that when the inverters are small and capacitive load is large, the ro-
tary ring stops oscillating. Consequently, a lower bound of W -to-c
ratio needs to be maintained.
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Figure5: (a) Frequency and (b) power contoursof arotary ring
with respect to clock load and inverter width.

Figure 6 shows the frequency and power contours with respect to
the ring width d and clock load c. The interconnect width w, inter-
connect separation s, and inverter width W are kept constant. It can
be seen that the ring width has the largest impact on the frequency
among all the parameters since the slope of the frequency surface in
the vertical direction is steep. The oscillation frequency decreases
monotonically with the increase of d. The ring width d does not af-
fect the power dissipation significantly, however, especially when d
is large. The empty region near the bottom indicates that the rotary
ring stops functioning when the clock load per transmission line
length is too large.

5. LOW-POWERROTARY CLOCKDESIGN

This section presents our heuristic algorithm that solves Problem
LPRC. Our algorithm first derives a solution that satisfies the tar-
get frequency. It then conducts a search in the solution space to
minimize the power dissipation.

The procedure to calculate the initial solution is given in Figure 7.
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Figure6: (a) Frequency and (b) power contoursof arotary ring
with respect to interconnect length and clock load.

INITIALIZATION (F, D, C)
1 choose dpmin and dmax based on empirical data
2 whilg(1)

f=SPICE(d,s,w,W,c)

if (J[F—f|/F <eg¢)break
10 dmax = (F > )?d : dmax
12 return (d,s,w,W)

Figure7: Subroutine INITIALIZATION.

4 s=pB-d,n=|D/d]
5 w=y-s,m=[(n2+1)/2]
6 c=C/m

7 W=a-c

8

9

It performs a binary search on the rotary ring width d, since d has
the largest impact on the oscillation frequency based our analysis.
Specifically, the search range of d is setin Line 1. The whileloop in
Lines 2 to 11 is repeated until the range is smaller than a threshold.
During each iteration, all other design parameters are calculated
using d on Lines 3-7. The constants, i.e., B, y, and a used in the
procedure are derived from the case studies in [23] to ensure that
the resulting designs can oscillate. SPICE simulations are used to
derive the oscillation frequencies in all iterations. The final solution
is returned in Line 12.

Once the initial solution is computed, our heuristic analyzes a se-
quences of rotary clock designs to minimize power dissipation.
Specifically, the rotary ring width d and inverter width W are first
determined. For each (d,W) pair, the optimal interconnect width

TUNE_WIRE (F, c,d, W)
1 set Smax and Syin based on d
2 while(Smax — Smin)/Smin > €s
3 s1 = (Smin+Smax)/2— 90, 52 = (Smin+ Smax)/2+ 6,
6> 0 is a small real number
W1 =Y-S1, W2 =Y-S2
(f1, p1)=SPICE(d,s1,w1,W,c)
while (|F — f1]/F > &¢)
tune wy and re-perform SPICE for new (fq, p1)
(f2, p2)=SPICE(d,s2,w2,W,c)
while (|F — f2|/F > €¢)
10 tune wy and re-perform SPICE for new (f2, p2)
11 if (p1 > P2) Smin =81
12 eseif (p1 < P2) Smax=S2
13 elseSyin = S1, Smax = S2
14 return (pq,S1,W1)
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Figure 8: Subroutine TUNE_WIRE.

RoTARYPMIN (F, D, C)
1 (do, So, Wo, Wp)= Initialization(F, D, C)
2no = [D/do]
3for(h=np—1,np+1,1)
d=D/n
for (W = 1.2Wo,0.2W0,0.2W0)
m= [(n*+1)/2]
c¢=C/m
(p,s,w)=TuNE_WIRE(F,c,d,W)
if (Pmin > p)
10 Pmin = P, (dmin, Wirin, Smin, Wmin) = (d,W,s,w)
11 return (dmin, Wmin, Smin, Wmin)
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Figure9: Algorithm ROTARYPMIN.

w and separation s are computed so that the resulting rotary array
oscillates at frequency F and dissipates the minimal power. The
procedure TUNE_WIRE for the calculation of (s,w) is shown in Fig-
ure 8. It is a modified bisection algorithm. Intuitively, an interval of
s is first created with the optimal s inside. During each iteration, the
length of the interval is reduced by about half while still containing
the optimum. The corresponding w values are adjusted so that the
rotary ring oscillates at the target frequency. The optimum (s,w)
is derived when the length of the interval is less than a threshold.
Since, from Figure 4, there is only one minimum in the (s, w) solu-
tion space, TUNE_WIRE guarantees to converge. (Proof is omitted
due to space limitations.)

Figure 9 gives the pseudocode of our algorithm, called ROTARY P-
MIN, to solve Problem LPRC. Specifically, ROTARYPMIN derives
the initial solution in Line 1. It selects the ring width d and inverter
width W exhaustively in a region around the initial solution using
double-nested for loops in Lines 3-5. For each (d,W) pair, it uses
TUNE_WIRE to compute the optimum (s,w) and the correspond-
ing power dissipation p. It then updates the current best solution
in Lines 9-10. Algorithm ROTARYPMIN returns the best design
parameters when all (d,W) pairs have been visited.

6. EXPERIMENTAL RESULTS

We applied our scheme to designs of different specifications. Specif-
ically, we selected the target frequency, in gigahertz, from the set
{0.5, 1.0, 2.0, 3.0, 4.0, 5.0}. The clock array width ranged from 7
mm to 20 mm. We set the total clock load proportional to the chip
area, i.e., C = 8D?, where 8 was from {6.8, 9.6, 12.4} in pf/mm?
according to industrial microprocessor designs [1, 2, 5]. For all
clock rings designed, we inserted 32 evenly distributed inverter
pairs. Our rotary arrays were designed in a 0.18 pm technology
with a 1.8V power supply.

Two comparisons were made. First, results from our scheme were
compared with those of Subroutine INITIALIZATION. Since INI-
TIALIZATION only generates solutions with the required frequen-
cies, i.e., it is power-unaware, such a comparison indicates the ef-
fectiveness of our scheme, which is independent of the rotary clock
technique. The second comparison was between the results of our
approach and those using conventional clock trees. The power dis-
sipation values of the clock trees were calculated as CdedF. This
comparison reveals the true power saving potential of the rotary
clock technique.

Figure 10 shows the experimental results. The first column gives
the power savings of our scheme over INITIALIZATION. Our ap-
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Figure 10: Power savings vs (a) power-unaware rotary clock
scheme (b) clock tree scheme.

proach achieves 24.3% power savings on the average compared
to the power-unaware rotary clock design approach. The maxi-
mal power reduction is 60%. Better power savings are achieved
at lower frequencies. As shown by the figures in the second col-
umn, our low-power rotary design method achieves a power re-
duction of up to 69% in comparison with conventional clock trees.
The average power reduction is 47.5%. It is worth mentioning that
the power values of conventional clock tree designs are underesti-
mated since we ignore the capacitance of clock tree interconnects
and buffers. The comparison under realistic scenarios would result
in even larger power saving improvement.

7. CONCLUSION

In this paper, we propose a rotary clock design methodology for
low-power clock distribution. Specifically, we first develop a PEEC-
based extraction tool so that we can simulate a given rotary clock
structure using SPICE. Using our tool, we then perform exten-
sive simulations to analyze the impacts of various design param-
eters on the frequency and power dissipation of rotary clock rings.
Based on the analysis result, we propose the first power minimiza-
tion algorithm for rotary clock designs. Experimental results have
demonstrated that rotary clock arrays generated using our proposed
scheme achieve up to 69% power reduction on the average in com-
parison to the conventional clock trees.
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