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APPARATUS FOR PROVIDING CLOCK SIGNALS 
AT DIFFERENT LOCATIONS WITH MINIMAL 

CLOCK SKEW 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of application 
Ser. No. 10/849,530, ?led May 18, 2004, Which is a con 
tinuation of application Ser. No. 09/944,237, ?led Aug. 30, 
2001, now US. Pat. No. 6,737,926, issued May 18, 2004. 
This application is also related to co-pending applications: 
Ser. No. 09/385,383 ?led Aug. 30, 1999, now US. Pat. No. 
6,552,564, issued Apr. 22, 2003, Ser. No. 09/386,505 ?led 
Aug. 31, 1999, now US. Pat. No. 6,380,787, issuedApr. 30, 
2002, Ser. No. 09/385,379 ?ledAug. 30, 1999, now US. Pat. 
No. 6,539,490, issued Mar. 25, 2003, and Ser. No. 09/860, 
131 ?led May 17, 2001, now US. Pat. No. 6,535,071, issued 
Mar. 18, 2003. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates generally to clock 
signals in integrated circuits. Speci?cally, the present inven 
tion relates to reduction of clock skeW in clock signals 
provided to multiple locations in the integrated circuit. 

[0004] 2. State of the Art 

[0005] Digital integrated circuits typically include mul 
tiple logic elements, With the timing of operation of each 
logic element controlled by a clock signal. It is common for 
an integrated circuit chip to have one central clock generator, 
With the signal from the clock generator being distributed 
around the integrated circuit via clock-line interconnects. An 
important consideration in the design of synchronous digital 
integrated circuits, and in particular those using pipelined 
architecture, is variation in the arrival times of clock signals 
at the clock inputs of the various logic elements. See, K. Yip, 
“Clock tree distribution: balance is essential for a deep 
submicron ASIC design to ?ourish,” EEE Potentials, vol. 16, 
no. 2, pp. 11-14, April-May 1997. Variation in clock signal 
arrival time is referred to as clock skeW. 

[0006] Clock skeW is primarily a function of tWo param 
eters: the loading presented by the logic being clocked and 
the RC delay of the clock line interconnect. Interconnect 
factors that affect the clock skeW are the resistance, capaci 
tance and inductance of the interconnection Wires. Since the 
Wires are not ideal conductors, different lengths of the Wires 
carrying clock signals can result in different clock skeWs. 
Clock skeW adds to cycle times, reducing the clock rate at 
Which a chip can operate. Typically, skeW should be 10 
percent or less of a chip’s clock cycle, meaning that for a 100 
MHZ clock, skeW must be 1 nsec or less. High performance 
microprocessors may require skeW to be 5 percent of the 
clock cycle, or 100 psec at a 500 MHZ clock rate. See, K. M. 
Carrig et al., “Clock methodology for high-performance 
microprocessors,” Proc. Custom Integrated Circuits Confer 
ence, Santa Clara, Calif., May 5-8, pp. 119-122, 1997. 

[0007] As noted above, it is relatively common to use a 
single, central clock generator to produce a signal that is 
distributed around the integrated circuit. A variety of tech 
niques have been used in the prior art to provide clock 
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connections that are symmetrical and all of the same length, 
in order to minimiZe clock skeW at the various logic ele 
ments. 

[0008] FIG. 1A illustrates an H-tree clock distribution, 
Which is used primarily in custom layouts and has varying 
tree interconnect segment Widths to balance skeW through 
out the chip. 

[0009] FIG. 1B shoWs a clock grid clock distribution 
structure. The clock grid is the simplest clock distribution 
structure and has the advantage of being easy to design for 
loW skeW. HoWever, it is area ine?icient and poWer hungry 
because of the large amount of clock interconnect required. 
Nevertheless, some chip vendors are using this clock struc 
ture for microprocessors. 

[0010] FIG. 1C depicts a balanced tree clock distribution 
structure. The balanced tree is the clock distribution struc 
ture most commonly used in high performance chips. See, J. 
L. Neves et al., “Automated synthesis of skeW-based clock 
distribution networks,” VLSI Design, vol. 7, no. 1, pp. 
31-57, 1998. In order to carry current to the branching 
segments, the clock line is Widest at the root of the tree and 
becomes progressively narroWer at each branch. As a result, 
the clock line capacitance increases exponentially With 
distance from the leaf cell (clocked element) in the direction 
of the root of the tree (clock input). Moreover, additional 
chip area is required to accommodate the extra clock line 
Width in the regions closer to the root of the tree. 

[0011] As shoWn in FIG. 1D, bu?‘ers may be added at the 
branching points of the balanced tree structure. Adding 
bulfers at the branching points of the tree signi?cantly 
loWers clock interconnect capacitance, because it reduces 
the clock line Width required toWard the root. 

[0012] As noted above, tWo main factors that contribute to 
clock skeW are loading mismatch at the clocked elements 
and mismatch in RC delay due to clock line segment Width 
and length variations. The approaches discussed above and 
illustrated in FIGS. 1A-1D attempt to minimiZe clock skeW 
caused by these factors. Most designers and clock tree 
parasitic extraction/evaluation tools available today deal 
only With RC parasitics. HoWever, clock skeW is also 
in?uenced by inductance effects, Which become more 
prominent as clock edge times and interconnect resistances 
decrease, both of Which are associated With shrinking chip 
technology and higher clock rates. For these reasons, mini 
miZation of skeW due to inductance e?fects has become the 
biggest problem in the design of clock trees, and, similarly, 
has become a signi?cant problem in the design of today’s 
leading edge chips. 
[0013] Designers have not commonly considered parasitic 
inductance, but this is starting to change as clock frequencies 
approach 1 GHZ. Clock trees often have Wide traces at their 
roots and may also have long segments, making the trees 
more susceptible to inductance problems than are other chip 
netWorks. Careful layout, including placing poWer and 
ground lines next to, above, or beloW clock trees to act as 
shields, can help reduce the possibility of clock problems 
caused by inductance. 

[0014] Clock skeW may also be in?uenced by process 
variations induced during chip fabrication. 

[0015] Various techniques have been previously described 
for compensating for the different delays of individual clock 
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distribution lines by changing the line characteristics or 
driver characteristics. Many neW techniques have been con 
sidered for addressing clock skeW problems. One technique 
involves the generation of clock signals With various delays 
by using digital inverters or ampli?ers With various signal 
delays, and multitapped variable delay lines. See, K. Ish 
ibashi et al., “Novel clock distribution system for CMOS 
VLSI,” Proc. IEEE Int. Conference on Computer Design: 
VLSI in Computers and Processors, October 3-6, Cam 
bridge, Mass. pp. 289-292, 1993. Another technique 
involves the use of buffer ampli?ers With different skeWs to 
compensate for the different line delays. See, T. Knight et al., 
“Method for skeW-free distribution of digital signals using 
matched variable delay lines,” Symposium on VLSI Cir 
cuits, Kyoto, Japan, May 19-21, pp. 19-20, 1993; see also S. 
I. Liu et al., “LoW-poWer clock-deskeW buffer for high speed 
digital circuits,” IEEE J. Solid-State Circuits, Vol. 34, No. 4, 
pp. 554-558, 1999. Clock skeW problems have also been 
addressed using feedback techniques to compensate for the 
effects of the variable line delays. See, H. Sutoh et al., “A 
Clock Distribution Technique With an Automatic Skew 
Compensation Circuit,” Inst. of Electronic, Information and 
Communication Engineers, Japan, Vol. E8 1-C, No. 2, pp. 
277-283, 1998. Furthermore, optical clock distribution tech 
niques are also used. See, A. V. Mule et al., “10 GHZ Hybrid 
optical/electrical clock distribution netWork for gigascale 
integration,” Proceeding of the 1999 12th Annual Meeting 
IEEE Lasers and Electro-Optics Society, San Francisco, 
Calif., November 1999, vol. 2, pp. 627-628. It has previ 
ously been proposed by the inventor to minimiZe clock skeW 
by using loW-impedance lines With matched terminations 
and current mode signaling to give Well-de?ned delays 
along clock distribution lines (US. patent application Ser. 
No. 09/385,383 and US. patent application Ser. No. 09/386, 
505) and using lines With Zero or no apparent delay of the 
clock signal (US. patent application Ser. No. 09/385,379). 

[0016] HoWever, there remains a need for solving the 
problems caused by clock skeW at multiple locations in 
integrated circuits, and, in particular, there is a need for 
reducing clock skeW to acceptable levels in high perfor 
mance microprocessors and other high speed chips in Which 
small clock edge times and loW interconnect resistances 
cause inductance effects. There is also a need for a method 
for distributing clock signals Without skeW and Without 
consuming large amounts of poWer or chip space. 

BRIEF SUMMARY OF THE INVENTION 

[0017] The present invention comprises a tapped phase 
shift ring oscillator Which may be used to generate a 
plurality of clock signals having different phase relation 
ships. The phase shift ring oscillator includes an odd number 
of ampli?er stages. A clock signal may be tapped from the 
output of each ampli?er stage. Each ampli?er stage includes 
a phase shift netWork and an ampli?er netWork. The phase 
shift netWork of each ampli?er stage includes an RC net 
Work made up of a capacitor and an NMOS transistor 
con?gured as a voltage variable resistor to provide an 
adjustable phase shift. The ampli?er netWork of each ampli 
?er stage includes an NMOS transistor and diode-connected 
PMOS transistor. By utiliZing CMOS elements, each ampli 
?er stage has a loW gain, Wide bandWidth, and loW output 
impedance. A total phase shift of 180 degrees around the 
loop, a necessary condition for oscillation, may then be 
obtained With a large number of stages, each producing a 
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small phase shift. The phase delay at each ampli?er stage 
may be adjusted as desired, providing the total phase shift 
for the loop is 180 degrees. The phase shift ring oscillator is 
thus Well suited for generating multiple high frequency 
clock signals having small phase delays or skeWs adjusted to 
compensate for delays caused by differences in clock dis 
tribution lines, and thus for providing synchronous signals at 
clocked logic elements. 

[0018] The present invention provides a number of advan 
tages. For example, the present invention may be used to 
provide multiple clock signals for timing multiple logic 
elements on high speed chips. The present invention also 
provides a method for distributing clock signals Which have 
loW poWer consumption. The present invention further pro 
vides a method for distributing clock signals With minimal 
clock skeW and Which does not require a large amount of 
chip space. The present invention may be used to provide 
multiple clock signals having delays Which can be readily 
varied, or having speci?c selected phase relationships. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0019] While the speci?cation concludes With claims par 
ticularly pointing out and distinctly claiming that Which is 
regarded as the present invention, this invention can be more 
readily ascertained from the folloWing description of the 
invention When read in conjunction With the accompanying 
drawings in Which: 

[0020] FIG. 1A is a prior art H-tree clock distribution 
structure; 

[0021] FIG. 1B is a prior art clock grid clock distribution 
structure; 

[0022] FIG. 1C is a prior art balanced tree clock distri 
bution structure; 

[0023] FIG. 1D is a prior art balanced tree clock distri 
bution structure that includes buffers at branching points for 
reduction of clock interconnect capacitance; 

[0024] FIG. 2 is a circuit diagram of a multistage phase 
shift ring oscillator; 

[0025] FIG. 3 is a schematic diagram of a single ampli?er 
stage used in a phase shift ring oscillator; 

[0026] FIG. 4 shoWs the gain of a single ampli?er stage as 
shoWn in FIG. 3 plotted as a function of oscillation fre 
quency; 

[0027] FIG. 5 shoWs the phase shift of a single ampli?er 
stage as shoWn in FIG. 3 plotted as a function of oscillation 
frequency; 

[0028] FIG. 6 shoWs a second embodiment of a phase 
shift ring oscillator according to the invention; and 

[0029] FIG. 7 shoWs a third embodiment of a phase shift 
ring oscillator according to the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0030] FIG. 2 depicts an example of a tapped CMOS 
phase shift ring oscillator 1 for generating multiple sinusoi 
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dal clock signals having different phase delays or skews. 
Phase shift ring oscillator 1 is made up of an odd number of 
ampli?er stages 2. In the example of FIG. 2, nine ampli?er 
stages 2 are used. However, a larger or smaller odd number 
of ampli?er stages 2 could be used, as required by the 
particular application. A clock line 3 may be used to tap the 
output of each ampli?er stage 2 to provide a clock signal to 
a clocked element 4. The phase delay of the signal carried on 
each clock line 3 is adjusted to compensate for the delay 
associated with that clock line 3 to provide for synchronous 
arrival of clock signals at all clocked elements 4. 

[0031] As shown in FIG. 3, each ampli?er stage 2 of 
phase shift ring oscillator 1 includes a phase shift network 5 
and transistor ampli?er network 7. In order to produce 
oscillation, the total phase shift of the series of stages must 
be 180 degrees, and the gain must be greater than one. By 
using CMOS elements in each ampli?er stage 2, each 
ampli?er stage 2 has a ?nite input capacitance and low gain, 
wide bandwidth, and low output impedance. Using an 
ampli?er in each stage provides gain in each stage and 
allows a small phase shift in each stage to eventually provide 
a signal that is 180 degrees out of phase with the input 
signal. By using an odd number of ampli?er stages, the 
phase shift in successive stages generates an unstable feed 
back circuit. In the inventive phase shift ring oscillator, if a 
larger number of stages is used, a smaller phase shift, 
realiZed at a higher frequency, is produced at each stage. 
Therefore, the use of a larger number of stages results in a 
higher oscillation frequency. This is in contrast to conven 
tional ring oscillators, in which the use of a larger number of 
stages results in a lower oscillation frequency. 

[0032] Referring to FIG. 3, phase shift network 5 of 
ampli?er stage 2 is a high pass ?lter RC network made up 
of capacitor 9 having capacitance C and a resistor having 
resistance R. The resistor is an NMOS transistor 11 con?g 
ured as a voltage variable resistor. Input voltage Vin is 
connected to a ?rst terminal of capacitor 9. A second 
terminal of capacitor 9 is connected to the drain of NMOS 
transistor 11. The gate of NMOS transistor 11 is connected 
to voltage VVR, which can be varied to adjust the value of 
resistance R. Gate bias supply voltage VGG is connected to 
the source of NMOS transistor 11. The gate bias supply 
voltage VGG adjusts the level of the DC gate bias current 
provided to the gate of NMOS transistor 13 in ampli?er 
network 7. 

[0033] Ampli?er network 7 includes NMOS transistor 13 
and PMOS transistor 15. PMOS transistor 15 is a diode 
connected transistor, which has its gate and drain tied 
together. A voltage VDD is connected to the source of PMOS 
transistor 15. The value of VDD is selected to optimiZe the 
performance of PMOS transistor 15 and may be, for 
example, a few times larger than the value of VGG. The 
source of NMOS transistor 13 is grounded, and the drain of 
NMOS transistor 13 is connected to the gate and drain of 
PMOS transistor 15. The output voltage Vout, which is the 
output of ampli?er network 7 and also of ampli?er stage 2, 
is taken from this point as well. 
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[0034] The frequency domain behavior of phase shift 
network 5 is described by the transfer function: 

where R and C are the resistance and capacitance of the 
phase shift network 5, as described above, and s=ju), with j 
being the square root of —l and 00 being the radian frequency. 

[0035] The gain of the phase shift network 5 is then: 

wRC 

[0036] and the phase angle of the phase shift network 5 is: 

11(5) = = 90° - tan’1(wRC) 
tan’HwRC) 

[0037] In FIG. 4, the gain of phase shift network 5 is 
plotted as a function of frequency w of the signal entering 
the network. The corner frequency 000 is equal to IRC. The 
oscillation frequency of the phase shift ring oscillator is 
indicated by (no. 

[0038] FIG. 5 shows the phase shift produced by phase 
shift network 5 as a function of frequency w of the signal 
entering phase shift network 5. Again, corner frequency is 
indicated by (no and is equal to l/RC, and the oscillation 
frequency of the phase shift ring oscillator is indicated by 
(no. 

[0039] In the practice of the invention, a desirable value 
for (no is ?rst selected, i.e., one that is suitable for use as a 
clock signal. R and C for each ampli?er stage 2 are then 
selected such that phase shift network 5 has a gain of close 
to one at (no. In general, the value of C is set ?rst, and R is 
adjusted to produce the desired gain and phase shift. The 
overall frequency of oscillation fO for the phase shift ring 
oscillator 1 is approximately: 

[0040] where N is the number of ampli?er stages 2 in 
phase shift ring oscillator 1, and RD, and CD are the resistance 
and capacitance, respectively, of the phase shift network of 
ampli?er stage n. 

[0041] Referring back to FIG. 3, diode connected PMOS 
transistor 15 can be modeled as a diode having an admit 

tance (or conductance), looking back into the drain, of gd. 
Diode-connected PMOS transistor 15 thus provides a load 
resistance RL which is equal to l/gd. The admittance of 
NMOS transistor 13 is gm and the gain of ampli?er network 
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7 is thus gmRL. In order for phase shift ring oscillator 1 to 
oscillate, it is only necessary that the gain of each ampli?er 
stage 2 be greater than one. As noted above, phase shift 
netWork 5 is set to have a gain ofjust less than one, e.g., 0.9 
in the example shoWn in FIG. 4. The overall gain of the 
combination of the phase shift netWork 5 and ampli?er 
netWork 7 is thus 0.9 gmRL, so if gmRL is slightly larger than 
1.1, the overall gain of the ampli?er stage Will be greater 
than one and the condition for oscillation Will be satis?ed. 
Since gm is close to gd, this condition can be met Without 
dif?culty. It should be noted that the signal entering ampli 
?er netWork 7 is inverted, that is, it undergoes a 180 degree 
phase shift, by the transistor combination of ampli?er net 
Work 7. 

[0042] The resistance R of phase shift netWork 5 is much 
larger than the load resistor RL of ampli?er netWork 7. The 
output impedance Zout of ampli?er netWork 7, and thus also 
for ampli?er stage 2, is simply equal to 1/ gd. The loW output 
impedance makes it possible to drive the phase shift netWork 
of the next stage Without signi?cant loading effects. 

[0043] Phase shift ring oscillator 1, as depicted in FIG. 2, 
is just one example of a phase shift ring oscillator according 
to the present invention, Which may be used for generating 
clock signals. Any odd number of stages can be utiliZed in 
the phase shift ring oscillator according to the invention. 
One clock signal may be tapped from each ampli?er stage 2, 
but it is not required that a clock signal be tapped from each 
ampli?er stage. Therefore, any number of clock signals up 
to the number of ampli?er stages may be tapped from the 
phase shift ring oscillator. One possible application of the 
invention Would be to produce a plurality of clock signals 
having different phase delays, the phase delay of each clock 
signal selected to compensate for the skeW associated With 
the clock distribution line on Which the clock signal is to be 
sent, so that all clock signals arrive at the clocked elements 
synchronously. By selecting an appropriate number of 
ampli?er stages and appropriate values for the resistance and 
capacitance of the phase shift netWork of each ampli?er 
stage, virtually any number of clock signals having any 
combination of phase relationship, at a desired clock fre 
quency, can be produced. If the number of stages in phase 
shift ring oscillator 1 is ?xed, the frequency of phase shift 
ring oscillator 1 can be varied by varying R in some or all 
of the stages. The total phase shift produced by phase shift 
ring oscillator 1 has to be 180 degrees, but it is not required 
that all stages have the same phase shift. The 180 degrees 
can be divided up betWeen the ampli?er stages in unequal 
portions. 

[0044] An exemplary phase shift ring oscillator that may 
be used to generate tWo quadrature clock signals (that is, tWo 
clock signals that are at the same frequency but have a 90 
degree phase relationship) is shoWn in FIG. 6. The resis 
tance and capacitance of the phase shift netWork of each 
ampli?er stage is shoWn explicitly in FIG. 6. Four of the 
ampli?er stages, A1, A2, A3, and A4, each have resistance 
R1 and capacitance C1 in the phase shift netWork of the 
ampli?er stage that produce a 22.5 degree phase shift, While 
three of the stages, A5, A6, and A7, each have resistance R2 
and capacitance C2 in the phase shift netWork of the 
ampli?er stage that produce a 30 degree phase shift. The 
total phase shift throughout the exemplary phase shift ring 
oscillator is 180 degrees. A ?rst clock signal V1 is taken at 
the input of ampli?er stage A1 and a second clock signal V2, 
having a quadrature relationship to V1, is taken at the output 
of ampli?er stage A4. 
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[0045] A further exemplary phase shift ring oscillator is 
shoWn in FIG. 7. As in FIG. 6, the resistance and capaci 
tance for the phase shift netWork of each ampli?er stage are 
shoWn explicitly. In this example, the phase shift ring 
oscillator includes ?ve stages, B1, B2, B3, B4, and B5 With 
resistances R3, R4, R5, R6, and R7, and capacitances C3, 
C4, C5, C6, and C7. Resistances in tWo different stages in 
the ring are varied: resistance R4 in stage B2 is increased 
While resistance R6 in stage B4 is decreased, thereby 
increasing the phase shift on stage B2 and decreasing the 
phase shift on stage B4, but leaving the overall phase shift 
and oscillation frequency ?xed. The phase relationship of 
clock signal V3, taken at the input to ampli?er stage B1, and 
clock signal V4, taken at the output of ampli?er stage B3, 
may thus be varied over a continuous range of values 
Without altering the oscillation frequency of the phase shift 
ring oscillator. 

[0046] The present invention may be embodied in other 
speci?c forms Without departing from its spirit or essential 
characteristics. The described embodiments are to be con 
sidered in all respects only as illustrative and not restrictive. 
The scope of the invention is, therefore, indicated by the 
appended claims rather than by the foregoing description. 
All changes Which come Within the meaning and range of 
equivalency of the claims are to be embraced Within their 
scope. 

What is claimed is: 
1. A tapped phase shift ring oscillator for generating a 

plurality of phase shifted clock signals, comprising: 

an odd number of ampli?er stages each including a 
voltage variable resistance for providing, in combina 
tion, a phase shift of 180 degrees to a received signal; 
and 

at least one clock line tapped to an output of at least one 
of the odd number of ampli?er stages for receiving a 
phase shifted clock signal from the at least one of the 
odd number of ampli?er stages. 

2. The tapped phase shift ring oscillator of claim 1, 
Wherein the voltage variable resistance is comprised of an 
NMOS transistor. 

3. The tapped phase shift ring oscillator of claim 2, 
Wherein each of the odd number of ampli?er stages includes 
a capacitor having a ?rst terminal connected to receive an 
input signal and a second terminal connected to the NMOS 
transistor. 

4. The tapped phase shift ring oscillator of claim 3, 
Wherein the NMOS transistor comprises: 

a drain connected to the second terminal of the capacitor; 

a gate connect to a resistance-changing voltage; and 

a source connected to a gate bias supply voltage. 
5. The tapped phase shift ring oscillator of claim 1, 

Wherein each of the odd number of ampli?er stages is 
con?gured to shift a received input signal by an equivalent 
amount. 

6. The tapped phase shift ring oscillator of claim 1, 
Wherein at least one of the odd number of ampli?er stages 
is con?gured to shift a received input signal by different 
amount. 

7. The tapped phase shift ring oscillator of claim 1, 
Wherein at least one clock line comprises a corresponding 
odd number of clock lines respectively tapped to the outputs 
of the odd number of ampli?er stages. 



US 2006/0290436 A1 

8. The tapped phase shift ring oscillator of claim 1, 
wherein each of the odd number of ampli?er stages com 
prises an ampli?er network coupled to the Voltage Variable 
resistance. 

9. The tapped phase shift ring oscillator of claim 8, 
wherein the ampli?er network, comprises: 

an NMOS transistor, comprising a gate connected to the 
Voltage Variable resistance, a grounded source, and a 
drain; 

a PMOS transistor, comprising a PMOS drain connected 
to a pull-up Voltage, a PMOS gate connected to the 
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drain of the NMOS transistor, and a PMOS source 
connected to the PMOS gate and the drain of the 
NMOS transistor; and 

an output taken from a connection of the NMOS drain, the 
PMOS source and the PMOS gate. 

10. The tapped phase shift ring oscillator of claim 1, 
wherein a ?rst Voltage adjusts a resistance of one of the odd 
number of ampli?er stages and a different second Voltage 
adjusts a second different resistance of another one of the 
odd number of ampli?er stages. 

* * * * * 


