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SINGLE CLOCK DISTRIBUTION NETWORK 
FOR MULTI-PHASE CLOCK INTEGRATED 

CIRCUITS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This patent application is a non-provisional patent 
application of US. provisional patent application 61/599,598 
?led on Feb. 16, 2012, Which is hereby incorporated by ref 
erence in their entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to the ?eld of 
digital circuitry and, more particularly, to a single clock dis 
tribution netWork for multi-phase clock integrated circuits. 

BACKGROUND OF THE INVENTION 

[0003] Increasing the performance of Integrated Circuits 
(ICs) is of paramount concern to support advances in tech 
nology. Many techniques are employed for increasing perfor 
mance, ranging from neW and improved fabrication technol 
ogy to advances in design techniques. One design approach is 
that of partitioning a globally clocked synchronous logic 
circuit into disjoint subcircuits referred to as ‘phases.’ Each 
phase then utiliZes a private clock distribution netWork With a 
substantially reduced clock frequency. HoWever, overall per 
formance does not degrade since the multiple subcircuits may 
all operate concurrently. This approach, referred to here as 
‘Multi-phase clocking’ is a form of pipelining since it incor 
porates temporal concurrency. Pipelining is a Well-knoWn 
digital design performance enhancement technique Whereby 
concurrency is exploited in a temporal sense as opposed to 
physical duplication of functional units [16]. 
[0004] While multi-phase clocking has the advantage of 
retaining hi gh-performance While relaxing timing constraints 
Within each subcircuit phase domain, the signi?cant disad 
vantage is that multiple clock distribution netWorks must be 
provided for each phase clock instead of a single global clock 
distribution netWork. Such clock distribution netWorks are a 
Well-knoWn source of poWer dissipation and overall area 
utiliZation. 
[0005] The chief concept utiliZed is that of a Multiple 
Valued Logic (MVL) global clock signal. MVL concepts 
have been devised and used by circuit designers [1, 2, 3, 5] 
and also developers of Electronic Design Automation (EDA) 
tools for digital circuit simulation and synthesis. MVL cir 
cuitry is attractive for high-speed IC designs as reduction in 
chip area, increase in performance, and reduced poWer dissi 
pation characteristics are major requirements for future ICs. 
[0006] Clocking is an essential concept in the design of 
synchronous digital systems [10]. A synchronous system is 
comprised of storage elements and combinational logic that 
together make up a Finite State Machine (FSM) controller 
and a datapath. A typical clock signal has to be distributed to 
a large number of storage elements and hence it has the 
highest fan-out of any node in a typical digital design. As a 
result, a clock distribution system alone can consume up to 
25-70% ofthe poWer budget ofthe IC chip [4, l7, 18, 19,20]. 
Clocking in digital systems continues to gain importance 
since the clock frequency is increasing rapidly, approxi 
mately doubling every three years. The increase in clock 
uncertainties due to higher clock frequencies has made 
designing clock distributions in high-performance micropro 
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cessors and other ICs increasingly dif?cult. Hence distributed 
multi-phase clock systems can play a vital role in high-per 
formance circuit designs Where independent clock netWorks 
With loWer frequency non-overlapping clock signals are 
physically distributed to disjoint subsets of clocked storage 
elements. 

[0007] Many high-performance digital integrated circuits 
being produced today use multi-phase clock distribution sys 
tems [7,8,9]. The clock distribution netWorks used in multi 
phase clock distribution systems require a signi?cant amount 
of resources in terms of area since each clock phase requires 
an independent distribution netWork. Dif?culties also arise in 
maintaining synchroniZation among the independent clock 
phases. Such high performance digital integrated circuits 
typically use multi-phase clock distribution systems With 
level-sensitive latches as clocked storage elements. A set of N 
periodic non-overlapping binary clock signals propagate over 
each of the clock phase distribution netWorks and drive dis 
joint subsets of level-sensitive latches providing enhanced 
throughput and performance. This performance enhancement 
can result in increased area characteristics since the indi 
vidual distribution netWorks are required for each clock 
phase. 
[0008] Other current approaches in overcoming challenges 
in clocking include the use of reference-based distribution 
architectures [22] involving multi-tap distribution lines. 
Another approach modi?es the binary clock signal to have a 
sWing of one-halfVdd in an attempt to decrease poWer con 
sumption [23]. The half-swing approach has some similarity 
to the method described here in that overall clock signal 
voltage amplitudes are modi?ed. 
[0009] Level-sensitive transparent latches [6] as state-hold 
ing elements provide high-performance and loW poWer con 
sumption [13] as compared to ?ip-?ops. Level-sensitive 
latches are attractive since they require feWer transistors to 
implement as compared to edge-sensitive storage devices. 
HoWever, the transparent nature of latches increases the dif 
?culty in meeting timing criteria as compared to the use of 
edge-sensitive circuits. Because timing constraints are con 
siderably relaxed Within each subcircuit of a multi-phased 
clocked logic design, latches are more easily used and are 
often the state-holding element of choice for these types of 
designs. 
[0010] For example, FIG. 1 is a logic symbol for a level 
sensitive latch or D-latch 100 in accordance With the prior art. 
A level-sensitive latch or D-latch 100 is a logic circuit Which 
acts as a data storage element. A D-latch 100 has a data input 
signal (D), a gate/enable signal (EN), an output (Q) and an 
inverted output (Q' or The characteristic table for a binary 
D-latch 100 is shoWn Table 1. 

TABLE 1 

D-Latch Characteristic Table 

EN/CLK D Q o 

0 X QWv QM 
1 0 0 1 
1 1 1 0 

[0011] A typical CMOS voltage-mode D-latch circuit 100 
can be implemented in a fashion as shoWn in FIG. 2 [l l]. The 
Data input signal (D) is input to a transmission gate 200 
controlled by the enable signal (EN). The EN input serves as 
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the latch’s gate input and is connected to the output of the 
modi?ed literal selection gate. The output of the transmission 
gate 200 is connected to a latch comprised of tWo inverters 
202a and 20219 Where the topmost inverter 202b serves as a 
keeper logic circuit. 
[0012] A typical high performance IC design 300 With mul 
tiple phase clock signal distribution netWorks 3021, 3022 and 
302N in accordance With the prior art is depicted in FIG. 3. An 
on-chip Phase Locked Loop (PLL) 304 receives the binary 
external clock input 306 to generate a stable high frequency 
global clock signal that is then input to a multi-phase genera 
tion circuit 308. The phase generation circuit 308 then pro 
duces each of the N individual clock phase signals (D0, (D1, . . 
. , (DNthat are in turn distributed to disjoint sets of sub-circuits 

3100, 3101 and 310N over corresponding Clock Distribution 
Tree (CDT) netWorks 3120, 3121 and 312N. 
[0013] The N multiple phase shifted clock signals are rep 
resented by (DO, (D1, . . . , (DN. For example, a quaternary logic 
netWork Will have four phase shifted clock signals, repre 
sented by (D0, (D1, (D2 and (D3. An example of the clock signal 
Waveforms for the external global clock input 306 and the 
resulting four phase shifted clock signals (D0, (D1, (D2 and (D3 
are shoWn in FIG. 4. The four multiple non-overlapping phase 
shifted clock signals, (D0, (D1, (D2 and (D3, propagate to disjoint 
sets of sub-circuits over corresponding Clock Distribution 
Tree (CDT) netWorks 3120, 3121 and 312N. Each sub-circuit 
3100, 3101 and 310N is comprised of combinational logic 
along With sequential logic elements that are typically level 
sensitive transparent latches. 
[0014] As is apparent from the foregoing discussion, multi 
phase clock distribution systems require a signi?cant amount 
of resources in terms of area and poWer dissipation. Accord 
ingly, there is a need for a single clock distribution netWork 
for a MVL clock signal. 

SUMMARY OF THE INVENTION 

[0015] The present invention provides a single global clock 
distribution netWork for a Multiple-Valued Logic (MVL) 
clock signal in combination With neW level-sensitive latches 
designed to be transparent for a speci?c portion of the global 
MVL clock signal. This approach alloWs for the use of con 
ventional binary logic fabrication technology since the only 
MVL components required are the global clock generator and 
a modi?ed literal selection gate that can be implemented as 
small analog circuits. A purely binary implementation 
approach is also described Where the MVL clock signal is 
replaced by a binary encoded signal and the phase-sensitive 
latches are augmented by including a binary decoder function 
that alloWs for implementation of the method using commer 
cially available FPGA devices or a standard cell library con 
taining only binary logic cells. 
[0016] More speci?cally, one embodiment of the present 
invention provides a multi-valued logic circuit having a 
multi-valued logic (MVL) clock generator, a single MVL 
clock signal distribution netWork connected to the MVL 
clock generator, a ?rst MVL selection circuit having a ?rst 
enable/clock input connected to the single MVL clock signal 
distribution netWork, one or more intermediate MVL selec 
tion circuits, each intermediate MVL selection circuit having 
an intermediate enable/clock input connected to the single 
MVL clock signal distribution netWork, and a Nth MVL 
selection circuit having a Nth enable/ clock input connected to 
the single MVL clock signal distribution netWork. The MVL 
clock generator generates a MVL clock signal having a ?rst 
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MVL level, one or more intermediate MVL levels and a Nth 
MVL level. The ?rst MVL selection circuit also has a ?rst 
data input and a ?rst output. The ?rst MVL selection circuit 
outputs a ?rst binary clock signal via the ?rst output having: 
(a) a ?rst logic level Whenever the MVL clock signal is equal 
to the ?rst MVL level and the ?rst data input receives the ?rst 
logic level, (b) a second logic level Whenever the MVL clock 
signal is equal to the ?rst MVL level and the ?rst data input 
receives the second logic level, and (c) a previous logic level 
of the ?rst binary clock signal Whenever the MVL clock 
signal is not equal to the ?rst MVL level. Each intermediate 
MVL selection circuit also has an intermediate data input and 
an intermediate output. Each intermediate MVL selection 
circuit corresponds to a speci?ed intermediate MVL level 
selected from the one or more intermediate MVL levels and 
outputs an intermediate binary clock signal via the interme 
diate output having: (a) the ?rst logic level Whenever the 
MVL clock signal is equal to the speci?ed intermediate MVL 
level and the intermediate data input receives the ?rst logic 
level, (b) a second logic level Whenever the MVL clock signal 
is equal to the speci?ed intermediate MVL level and the 
intermediate data input receives the second logic level, and 
(c) a previous logic level of the intermediate binary clock 
signal Whenever the MVL clock signal is not equal to the 
speci?ed intermediate MVL level. The Nth level selection 
circuit also has a Nth data input and a Nth output. The Nth 
MVL selection circuit outputs a Nth binary clock signal via 
the Nth output having: (a) a ?rst logic level Whenever the 
MVL clock signal is equal to the Nth MVL level and the Nth 
data input receives the ?rst logic level, (b) a second logic level 
Whenever the MVL clock signal is equal to the Nth MVL level 
and the Nth data input receives the second logic level, and (c) 
a previous logic level of the Nth binary clock signal Whenever 
the MVL clock signal is not equal to the Nth MVL level. 
[0017] Another embodiment of the present invention pro 
vides a multi-valued logic circuit a MVL clock generator, a 
single MVL clock signal distribution netWork connected to 
the MVL clock generator, a ?rst MVL selection circuit having 
a ?rst enable/clock input connected to the single MVL clock 
signal distribution netWork, a second MVL selection circuits 
having a second enable/clock input connected to the single 
MVL clock signal distribution netWork, a third MVL selec 
tion circuit having a third enable/clock input connected to the 
single MVL clock signal distribution netWork, and a fourth 
MVL selection circuit having a fourth enable/clock input 
connected to the single MVL clock signal distribution net 
Work. The MVL clock generator generates a MVL clock 
signal comprising a logic “0”, a logic “1”, a logic “2” and a 
logic “3”. The ?rst MVL selection circuit also has a ?rst data 
input, a ?rst output and a ?rst inverted output. The ?rst MVL 
selection circuit outputs a ?rst binary clock signal having a 
logic level in accordance With the folloWing table: 

the ?rst the ?rst data the ?rst the ?rst 
enable/ clock input input output inverted output 

0 0 0 l 
0 l l 0 

1 X QW gm 
2 X QW gym 
3 X W Qpm 

Where XIlogic “0” or logic “1”, Q prev 
of the ?rst binary clock signal, and Q' prev 

:a previous logic level 
:an inverse value of 
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the previous logic level of the ?rst binary clock signal. The 
second MVL selection circuit also has a second data input, a 
second output and a second inverted output The second MVL 
selection circuit outputs a second binary clock signal having 
a logic level in accordance With the folloWing table: 

the second the second data the second the second 
enable/clock input input output inverted output 

0 X Qprev Qprev 
l 0 0 l 
l l l 0 

2 X QW gym 
3 X Qprev PM 

The third MVL selection circuit also has a third data input, a 
third output and a third inverted output. The third MVL selec 
tion circuit outputs a third binary clock signal having a logic 
level in accordance With the folloWing table: 

the third the third data the third the third 
enable/clock input input output inverted output 

0 X QW gm 
1 X QW QWv 
2 0 0 l 
2 l l 0 

3 X QP... QWv 

The fourth MVL selection circuit also has a fourth data input, 
a fourth output and a fourth inverted output The fourth MVL 
selection circuit outputs a fourth binary clock signal having a 
logic level in accordance With the folloWing table: 

the fourth the fourth data the fourth the fourth 
enable/clock input input output inverted output 

0 X Qpm gm 
1 X Qpn?v 9pm 
2 X Qprev Qprev 
3 O O l 
3 l l O 

[0018] Yet another embodiment of the present invention 
provides an integrated circuit having a MVL clock generator, 
a single MVL clock signal distribution netWork connected to 
the MVL clock generator, a ?rst MVL selection circuit having 
a ?rst enable/clock input connected to the single MVL clock 
signal distribution netWork, a second MVL selection circuit 
having a second enable/clock input connected to the single 
MVL clock signal distribution netWork, a third MVL selec 
tion circuit having a third enable/ clock input connected to the 
single MVL clock signal distribution network, and a fourth 
MVL selection circuit having a fourth enable/clock input 
connected to the single MVL clock signal distribution net 
Work. The MVL clock generator generates a MVL clock 
signal comprising a ?rst MVL level, a second MVL level, a 
third MVL level and a fourth MVL level. The ?rst MVL 
selection circuit also has a ?rst data input and a ?rst output. 
The ?rst MVL selection circuit outputs a ?rst binary clock 
signal via the ?rst output having: (a) a ?rst logic level When 
ever the MVL clock signal is equal to the ?rst MVL level and 

Aug. 22, 2013 

the ?rst data input receives the ?rst logic level, (b) a second 
logic level Whenever the MVL clock signal is equal to the ?rst 
MVL level and the ?rst data input receives the second logic 
level, and (c) a previous logic level of the ?rst binary clock 
signal Whenever the MVL clock signal is not equal to the ?rst 
MVL level. One or more ?rst sub-circuits are connected to the 

?rst output of the ?rst MVL selection circuit. The second 
MVL selection circuit also has a second data input and a 
second output. The second MVL selection circuit outputs a 
second binary clock signal via the second output having: (a) a 
?rst logic level Whenever the MVL clock signal is equal to the 
second MVL level and the second data input receives the ?rst 
logic level, (b) a second logic level Whenever the MVL clock 
signal is equal to the second MVL level and the second data 
input receives the second logic level, and (c) a previous logic 
level of the second binary clock signal Whenever the MVL 
clock signal is not equal to the second MVL level. One or 
more second sub-circuits are connected to the ?rst output of 
the ?rst MVL selection circuit. The third MVL selection 
circuit also has a third data input and a third output. The third 
MVL selection circuit outputs a third binary clock signal via 
the third output having: (a) a ?rst logic level Whenever the 
MVL clock signal is equal to the third MVL level and the third 
data input receives the ?rst logic level, (b) a second logic level 
Whenever the MVL clock signal is equal to the third MVL 
level and the third data input receives the second logic level, 
and (c) a previous logic level of the third binary clock signal 
Whenever the MVL clock signal is not equal to the third MVL 
level. One or more third sub-circuits are connected to the ?rst 

output of the ?rst MVL selection circuit. The fourth MVL 
selection circuit also has a fourth data input and a fourth 
output. The fourth MVL selection circuit outputs a fourth 
binary clock signal via the fourth output having: (a) a ?rst 
logic level Whenever the MVL clock signal is equal to the 
fourth MVL level and the fourth data input receives the ?rst 
logic level, (b) a second logic level Whenever the MVL clock 
signal is equal to the fourth MVL level and the fourth data 
input receives the second logic level, and (c) a previous logic 
level of the fourth binary clock signal Whenever the MVL 
clock signal is not equal to the fourth MVL level. One or more 
fourth sub-circuits are connected to the ?rst output of the ?rst 
MVL selection circuit. 

[0019] Another embodiment of the present invention pro 
vides a method for generating a set of binary clock signals by 
generating a MVL clock signal having three or more MVL 
levels, transmitting the MVL clock signal to three or more 
MVL selection circuits using a single MVL clock signal 
distribution netWork, and receiving the MVL clock signal at 
each MVL selection circuit, Wherein each MVL selection 
circuit corresponds to a speci?ed MVL level selected from 
the three or more MVL levels. For each MVL selection cir 

cuit, a binary clock signal is output having (a) a ?rst logic 
level Whenever the MVL clock signal is equal to the speci?ed 
MVL level and a data input receives the ?rst logic level, (b) a 
second logic level Whenever the MVL clock signal is equal to 
the speci?ed MVL level and the data input receives the sec 
ond logic level, and (c) a previous logic level of the binary 
clock signal Whenever the MVL clock signal is not equal to 
the speci?ed MVL level. 

[0020] The present invention is described in detail beloW 
With reference to the accompanying draWings. 






























