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(57) ABSTRACT 

Aphase interpolator which includes cross-coupled switches 
and is con?gured to receive a plurality of input clock phases 
and generate a new output clock phase based on the input 
clock phases which are selected by the cross-coupled 
switches. The cross-coupled switches are controlled by 
selection inputs. The phase interpolator may be con?gured 
to receive four clock phases, but preferably is con?gured to 
receive eight clock phases. Preferably, the phase interpolator 
includes eight cross-coupled switches, such as two sets of 
four cross-coupled switches. Preferably, each set of switches 
is controlled by a different selection input. Hence, a ?rst 
selection input controls one set of four cross-coupled 
switches, and a second selection input controls the other set 
of four cross-coupled switches. Preferably, each pair of 
switches—wherein each pair includes a switch from each 
set—is con?gured to receive the same clock phase. Speci? 
cally, each pair may be con?gured to receive a given, 
pre-deterrnined clock phase (if the phase interpolator is 
con?gured to receive four clock phases), or a selector device 
such as a multiplexer can be connected to each pair of 
switches such that a clock phase can be selected from a 
plurality of clock phases (such as where the phase interpo 
lator is con?gured to receive eight clock phases). The phase 
interpolator may be con?gured for analog or digital control. 
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MODIFIED PHASE INTERPOLATOR AND 
METHOD TO USE SAME IN HIGH-SPEED,LOW 

POWER APPLICATIONS 

BACKGROUND OF THE INVENTION 

[0001] In many applications, a clock recovery circuit is 
required to recover an embedded clock signal from an 
incoming data stream. The embedded clock signal Which is 
extracted from the data stream is often referred to as the 
“recovered clock.”FIG. 1 illustrates typical Waveforms of 
incoming data and a “recovered cloc ”. 

[0002] Depending on the application, the clock recovery 
circuit can be implemented either as a phase-locked loop 
(PLL) or as delay-locked loop (DLL) (see, for example, 
Thomas H. Lee et al., “A 2.5 VCMOS delay-locked loop for 
an 18 Mbit, 500 Megabyte/s DRAM ”, IEEE Journal of 
Solid-State Circuits, vol. 29, no. 12, pp. 1491-1496, Decem 
ber 1994). While a PLL 10 is illustrated in FIG. 2, a DLL 
20 is illustrated in FIG. 3. A key component in either 
implementation is a delay cell. Speci?cally, as illustrated in 
FIG. 2, in a PLL 10, several delay cells 12 are connected in 
a closed loop 14 to form a voltage-controlled oscillator 
(VCO) 16. The oscillation frequency is controlled by adjust 
ing a control voltage that is sent to the delay cells 12. As 
illustrated in FIG. 3, in a DLL 20, the VCO 16 is replaced 
by a variable delay line (VDL) 22. The VDL 22 included in 
a DLL 20 is similar to a VCO 16 Which is included in a PLL 
10 eXcept the delay cells 12 are not Wrapped around (i.e., 
there is no feedback 14 from the output of the last delay cell 
to the input of the ?rst delay cell—compare FIG. 3 to FIG. 
2). Both the VCO 16 and VDL 22 present disadvantages. 
The main disadvantage of a VCO 16 is its sensitivity to 
noise. Speci?cally, due to its closed-loop topology (i.e. as a 
result of the feedback 14), any noise coupled into the VCO 
16 Will circulate around the loop 14 and, depending on the 
time constant of the PLL 10, could take a long time to 
diminish. AVDL 22 avoids this problem because the output 
of the last delay cell is not looped back. HoWever, the VDL 
22 presents a different disadvantage. Because the total 
adjustable delay range of a VDL 22 is ?nite, the DLL 20 
must be designed to operate Within the delay range of its 
VDL 22. Designing the DLL as such can be a relatively 
dif?cult task since the delay range of a VDL depends on 
many variables, such as temperature. 

[0003] In recent years, designers have attempted to replace 
VCO’s and VDL’s With a phase interpolator (see, for 
eXample, Lee et al., id.). As shoWn in FIG. 4, a phase 
interpolator generates a neW clock phase (“Out”) Which 
locates betWeen tWo input clock phases ((1)0 and (1)1). Aphase 
interpolator can be con?gured for analog control or digital 
control. A possible circuit implementation of a phase inter 
polator 30a With analog control is illustrated in FIG. 5, 
While a possible circuit implementation of a phase interpo 
lator 30b With digital control is illustrated in FIG. 6. 
Unfortunately, phase interpolators Which are used to replace 
VCO’s and VDL’s generally consume a lot of poWer and 
cannot be used in applications Where the data rates are high. 

OBJECTS AND SUMMARY 

[0004] It is an object of an embodiment of the present 
invention to provide a phase interpolator Which can be used 
in applications Where the data rates are high. 
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[0005] Another object of an embodiment of the present 
invention to provide a phase interpolator Which does not 
consume a lot of poWer. 

[0006] Brie?y, and in accordance With at least one of the 
foregoing objects, an embodiment of the present invention 
provides a phase interpolator Which includes cross-coupled 
sWitches and is con?gured to receive a plurality of input 
clock phases and generate a neW output clock phase based 
on the input clock phases Which are selected. The cross 
coupled sWitches receive the input clock phases and are 
controlled by selection inputs to select Which input clock 
phases are used to generate the neW output clock phase. 

[0007] The phase interpolator may be con?gured to 
receive four clock phases, but preferably is con?gured to 
receive eight clock phases. Preferably, the phase interpolator 
includes eight cross-coupled sWitches, such as tWo sets of 
four cross-coupled sWitches. Preferably, each set of sWitches 
is controlled by a different selection input. Hence, a ?rst 
selection input controls one set of four cross-coupled 
sWitches, and second selection input controls the other set of 
four cross-coupled sWitches. Preferably, each pair of 
sWitches—Wherein each pair includes a sWitch from each 
set—is con?gured to receive the same clock phase. Speci? 
cally, each pair may be con?gured to receive a given, 
pre-determined clock phase (if the phase interpolator is 
con?gured to receive four clock phases), or a selector device 
such as a multipleXer can be connected to each pair of 
sWitches such that a clock phase can be selected from a 
plurality of clock phases (such as Where the phase interpo 
lator is con?gured to receive eight clock phases). The phase 
interpolator may be con?gured for analog or digital control. 
In order to strobe data effectively, tWo phase interpolators 
may be provided, Wherein each phase interpolator receives 
the same clock phases and is controlled by the same selec 
tion inputs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] The present invention and the advantages thereof 
Will become more apparent upon consideration of the fol 
loWing detailed description When taken in conjunction With 
the accompanying draWings of Which: 

[0009] FIG. 1 illustrates tWo Waveforms—one corre 
sponding to incoming data and another corresponding to a 
recovered clock; 

[0010] FIG. 2 is a schematic diagram illustrating a Phase 
Locked Loop (PLL); 

[0011] FIG. 3 is a schematic diagram illustrating a Delay 
Locked Loop (DLL); 

[0012] FIG. 4 is a schematic diagram illustrating a neW 
output clock phase (“Out”) Which is located betWeen tWo 
input clock phases (“(1)0” and “(1)1”); 
[0013] FIG. 5 is a schematic diagram illustrating a phase 
interpolator With analog control; 

[0014] FIG. 6 is a schematic diagram illustrating a phase 
interpolator With digital control; 

[0015] FIG. 7 is a schematic diagram illustrating a phase 
interpolator With a 360-degree range; 

[0016] FIG. 8 illustrates four Waveforms (“(1)0”, “(1)1”, 
“(1)0B” and “(1)1B”) corresponding to input clock phases of 
the phase interpolator illustrated in FIG. 7; 
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[0017] FIG. 9 is a signal chart Which relates to the phase 
interpolator illustrated in FIG. 7; 

[0018] FIG. 10 is a schematic diagram showing the phase 
interpolator of FIG. 7 connected to a voltage controlled 
oscillator (VCO), Wherein the VCO provides four input 
clock phases to the phase interpolator; 

[0019] FIG. 11 is a schematic diagram shoWing a pair of 
phase interpolators connected to a VCO, Wherein the VCO 
provides eight input clock phases to each of the phase 
interpolators; 

[0020] FIG. 12 illustrates eight Waveforms (“(1)0”, “(1)1”, 
“(1)2”, “(1)3”, “(1)0B”, “(1)1B”, “(1)2B”, “(1)3B”), each 45 degrees 
apart, corresponding to input clock phases of the phase 
interpolators illustrated in FIG. 11; 

[0021] FIG. 13 is a signal chart Which relates to the phase 
interpolator Which is on the left in FIG. 11; 

[0022] FIG. 14 is a signal chart Which relates to the phase 
interpolator Which is on the right in FIG. 11; 

[0023] FIG. 15 is a schematic diagram shoWing a phase 
interpolator that includes eight cross-coupled sWitches; 

[0024] FIG. 16 is a schematic diagram shoWing a pair of 
phase interpolators connected to a VCO, Wherein each phase 
interpolator is like that shoWn in FIG. 15, and Wherein the 
VCO provides eight input clock phases to each of the phase 
interpolators; and 

[0025] FIG. 17 is a signal chart Which relates to the phase 
interpolators shoWn in FIG. 16. 

DESCRIPTION 

[0026] While the invention may be susceptible to embodi 
ment in different forms, there is shoWn in the draWings, and 
herein Will be described in detail, speci?c embodiments With 
the understanding that the present disclosure is to be con 
sidered an exempli?cation of the principles of the invention, 
and is not intended to limit the invention to that as illustrated 
and described herein. 

[0027] As discussed above, phase interpolators generates 
neW clock phases betWeen tWo input clock phases (see FIG. 
4 and description above). Since the location of the neW clock 
phase is adjustable, the phase interpolator can be used to 
replace a VDL. What makes it bene?cial to use a phase 
interpolator as opposed to a VDL is the fact that, With a 
phase interpolator, an in?nite delay range can be imple 
mented. FIG. 7 illustrates a phase interpolator 40 With a 
360-degree range. Speci?cally, the phase interpolator 40 has 
four clock phases, each 90 degrees apart. FIG. 8 illustrates 
the four clock phases—“(1)0”, “(1)1”, “(1)0B” and “(1)1B”. FIG. 
9 provides a signal chart relating to the phase interpolator 
shoWn in FIG. 7, and the signal chart lists the possible 
values of input control signals or selection inputs “SELA” 
and “SELB”, the values of internal signals “IN1”, “IN2”, 
“IN3” and “IN4”, and the resulting output phase. By select 
ing Which clock phase is fed to the phase interpolator, a neW 
clock phase can be generated at any location, from 0 to 360 
degrees. This is equivalent to an in?nite delay range. It 
should be noted that the 360-degree coverage is independent 
of process, temperature and supply voltage variations. 

[0028] In a PLL, the phase interpolator illustrated in FIG. 
7 can be used in place of a VCO to eliminate the noise 
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problem presented by the feedback loop (discussed herein 
above). HoWever, the frequency difference betWeen the local 
clock and the embedded clock in the incoming data must be 
relatively small. Unfortunately, the phase interpolator 40 
must operate at the same frequency as the incoming data 
(e.g., 5 GhZ for 5 Gb/s). Moreover, operating the phase 
interpolator 40 at the Wire speed consumes a lot of poWer, 
and this further limits the application. 

[0029] FIG. 10 illustrates the phase interpolator 40 of 
FIG. 7 connected to a VCO 50, thereby forming a test 
circuit. The VCO 50 generates the required 4-phase clocks 
(see FIG. 8) for the phase interpolator 40 (the VCO 50 
actually generates eight clock phases, but only four are used 
in FIG. 10). As shoWn, buffers 52 and selector devices 54, 
such as multiplexers, are provided betWeen the VCO 50 and 
phase interpolator 40. The clock phases are buffered ?rst 
before being fed to the multiplexers 54 so that the speed of 
the VCO 50 Will not be limited by the loading from the 
multiplexers 54. The phase interpolator 40 uses the tWo 
clock phases selected by the multiplexers 54 to generate the 
output clock phase (“OUT”). 

[0030] Transistor-level simulations shoWed that the phase 
interpolator 40, With all the supporting circuitry shoWn in 
FIG. 10, can only go up to 2.7 GhZ With a poWer dissipation 
of 22.7 mW (in a 0.18 pm CMOS process). Unfortunately, 
the circuit shoWn in FIG. 10 provides that the phase 
interpolator 40 is not as fast as desired, and consumes more 
poWer than is desirable. 

[0031] As shoWn in FIG. 11, instead of using only four 
clock phases from the VCO (see FIG. 10), it is possible to 
utiliZe all eight clock phases. FIG. 12 illustrates the eight 
clock phases—“(1)0”, “(1)1”, “(1)2”, “(1)3”, “(1)0B”, “(1)1B”, 
“(1)2B” and “(1)3B”. This provides that the VCO 50 and phase 
interpolator can be operated at half of the data rate since 
each clock period noW covers tWo bit times. In other Words, 
for a 5 Gb/s system, the interpolator only has to operate at 
2.5 GhZ. HoWever, since a 180-degree out-of-phase signal 
(90-degree in this case since each clock period covers tWo 
bits) is needed to strobe the data, a second phase interpolator 
is required. FIG. 13 provides a signal chart relating to the 
phase interpolator 60 Which is on the left in FIG. 11, and 
FIG. 14 provides a signal chart relating to the phase 
interpolator 70 Which is on the right in FIG. 11. While this 
increases poWer consumption, the overall poWer is reduced 
as a result of operating at half speed. In FIG. 11, “AOUT” 
is the signal that is in phase With the data, and “BOUT” is 
90 degrees out of phase and can be used to re-time the data. 

[0032] As shoWn in FIG. 11, the loading at the outputs of 
the buffers 52 is tWice What it Was in FIG. 10. This Will limit 
the maximum speed We can achieve since the buffers Will 
have to be tWice as big as they Were before Which, in turn, 
Will increase the loading on the VCO 50. To overcome this 
loading problem, a phase interpolator 80 as illustrated in 
FIG. 15 can be provided. The phase interpolator 80 illus 
trated in FIG. 15 includes eight cross-coupled sWitches 82, 
84, 86, 88, 90, 92, 94, 96. The purpose of the sWitches 82, 
84, 86, 88, 90, 92, 94, 96 is to sWap inputs When necessary. 
As shoWn, there are effectively tWo sets 100 and 102 of four 
cross-coupled sWitches, Wherein each set of sWitches is 
controlled by a different selection input. A ?rst selection 
input “SELC” controls a ?rst set 100 of four cross-coupled 
sWitches 82, 86, 90, 94, and a second selection input 
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“SELD” controls a second set 102 of four cross-coupled 
switches 84, 88, 92, 96. The cross-coupled switches 82, 84, 
86, 88, 90, 92, 94, 96 receive the input clock phases (“(1)0”, 
“(1)1”, “(1)0B” and “(1)1B”) and are controlled by the selection 
inputs (“SELC” and “SELD”) to select Which input clock 
phases are used by the phase interpolator to generate the 
output clock phase. As shoWn, each pair of sWitches—one 
from each set—is con?gured to receive the same input clock 
phase. Although VC is shoWn as an analog control signal in 
FIG. 15, it can also be a digital signal as shoWn in FIG. 6. 

[0033] FIG. 16 illustrates hoW the phase interpolator 80 
shoWn in FIG. 15 can be implemented into the circuit shoWn 
in FIG. 11. FIG. 17 provides a signal chart relating to the 
circuit shoWn in FIG. 16. Instead of totally counting on 
multiplexers to select the input clock phases (see FIGS. 7, 
10 and 11), part of the selection is performed in the phase 
interpolators 110, 120, by the cross-coupled sWitches 
therein. Consequently, the loading on buffers 52 is reduced 
by half. Selection inputs “SELA” and “SELB” control the 
multiplexers 54 in the circuit, and selection inputs “SELC” 
and “SELD” control the cross-coupled sWitches in the phase 
interpolators 110 and 120. As shoWn, “AOUT” and “BOUT” 
remain the same as shoWn in FIGS. 13 and 14. Despite 
having one more phase interpolator and tWo more buffers as 
compared to FIG. 10, transistor-level simulations of the 
circuit shoWn in FIG. 16 shoWed that, at a given data rate, 
the circuit in FIG. 16 consumes about half of the poWer 
consumed by the circuit in FIG. 10. Furthermore, its maXi 
mum data rate is tWice What can be accomplished previ 
ously. Finally, it should be noted that the phase interpolator 
shoWn in FIG. 15 can be used in FIG. 10 to replace the 
phase interpolator and multiplexers shoWn in that FIGURE. 

[0034] The phase interpolator 80 shoWn in FIG. 15, 
coupled With the clock phases running at half of the data 
rate, eXtends the maXimum data rate by a factor of tWo for 
a given process technology. It also provides the folloWing 
advantages over traditional approaches: For a given data 
rate, poWer consumption is reduced by half, better output 
linearity is achieved since the output phase is interpolated 
betWeen tWo input clock phases that are 45 degrees apart 
instead of 90 degrees apart, and it is easier to share a single 
VCO among several phase interpolators (When many data 
channels are integrated into a single chip) since it is easier 
to distribute sloWer clocks. 

[0035] While a embodiments of the present invention are 
shoWn and described, it is envisioned that those skilled in the 
art may devise various modi?cations of the present inven 
tion Without departing from the spirit and scope of the 
appended claims. 

What is claimed is: 

1. A phase interpolator that receives input clock phases 
and generates an output clock phase, said phase interpolator 
comprising a plurality of cross-coupled sWitches Which are 
con?gured to receive said input clock phases, said cross 
coupled sWitches con?gured controlled by selection inputs 
to select Which input clock phases are used by the phase 
interpolator to generate the output clock phase. 

2. The phase interpolator as recited in claim 1, Wherein 
said phase interpolator is con?gured to receive four input 
clock phases. 
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3. The phase interpolator as recited in claim 1, Wherein 
said phase interpolator is con?gured to receive eight input 
clock phases. 

4. The phase interpolator as recited in claim 1, Wherein 
said phase interpolator includes eight cross-coupled 
sWitches. 

5. The phase interpolator as recited in claim 4, Wherein 
said phase interpolator includes tWo sets of four cross 
coupled sWitches, Wherein each set of sWitches is controlled 
by a different selection input. 

6. The phase interpolator as recited in claim 4, Wherein a 
?rst selection input controls a ?rst set of four cross-coupled 
sWitches, and second selection input controls a second set of 
four cross-coupled sWitches. 

7. The phase interpolator as recited in claim 5, Wherein 
each pair of sWitches is con?gured to receive the same input 
clock phase, Wherein each pair of sWitches includes a sWitch 
from each set of sWitches. 

8. The phase interpolator as recited in claim 7, Wherein the 
phase interpolator is con?gured such that each pair of 
sWitches receives a given, predetermined clock phase. 

9. The phase interpolator as recited in claim 7, further 
comprising a selector device connected to each pair of 
sWitches, Wherein said selector device is operable to select 
from a plurality of input clock phases. 

10. A phase interpolator that receives input clock phases 
and generates an output clock phase, said phase interpolator 
con?gured to receive eight input clock phases and generate 
the output clock phase based on the input clock phases. 

11. A pair of phase interpolators connected to a voltage 
controlled oscillator, Wherein each phase interpolator 
receives input clock phases from the voltage controlled 
oscillator and generates an output clock phase, Wherein each 
phase interpreter receives the same input clock phases. 

12. The pair of phase interpolators as recited in claim 11, 
Wherein each phase interpolator includes eight cross 
coupled sWitches. 

13. The pair of phase interpolators as recited in claim 11, 
Wherein each phase interpolator includes tWo sets of four 
cross-coupled sWitches, Wherein each set of sWitches is 
controlled by a different selection input. 

14. The pair of phase interpolators as recited in claim 11, 
Wherein a ?rst selection input controls a ?rst set of four 
cross-coupled sWitches in each phase interpolator, and sec 
ond selection input controls a second set of four cross 
coupled sWitches in each phase interpolator. 

15. The pair of phase interpolators as recited in claim 13, 
Wherein each pair of sWitches is con?gured to receive the 
same input clock phase, Wherein each pair of sWitches 
includes a sWitch from each set of sWitches. 

16. The pair of phase interpolators as recited in claim 15, 
Wherein each phase interpolator is con?gured such that each 
pair of sWitches receives a given, pre-determined clock 
phase. 

17. The pair of phase interpolators as recited in claim 16, 
Wherein each phase interpolator includes a selector device 
connected to each pair of sWitches, Wherein said selector 
device is operable to select from a plurality of input clock 
phases. 

18. A method of generating an output clock phase based 
on input clock phases, said method comprising: providing a 
phase interpolator Which includes a plurality of cross 
coupled sWitches Which are con?gured to receive the input 
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clock phases; and controlling the cross-coupled switches to 
select Which input clock phases to use to generate the output 
clock phase. 

19. The method as recited in claim 18, further comprising 
providing four input clock phases to the phase interpolator. 

20. The method as recited in claim 18, further comprising 
providing eight input clock phases to the phase interpolator. 

21. The method as recited in claim 18, Wherein said phase 
interpolator includes eight cross-coupled sWitches, and said 
method further comprises controlling said eight cross 
coupled sWitches to select input clock phases. 
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22. The method as recited in claim 21, Wherein said phase 
interpolator includes tWo sets of four cross-coupled 
sWitches, and said method further comprises controlling 
each set of sWitches to select input clock phases. 

23. The method as recited in claim 21, further comprising 
using a ?rst selection input to control a ?rst set of four 
cross-coupled sWitches, and using a second selection input 
to control a second set of four cross-coupled sWitches. 


