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(57) ABSTRACT 

A delay-locked loop (DLL) circuit With mutual-interpolating 
architecture that provides multiple-phase clock generation is 
presented. Each delay-cell in the DLL circuit delay chain is 
effectively an interpolator that combines tWo input clock 
signals: one input clock signal is received from the output 
clock of previous stage in the delay chain, and the other 
input clock signal is fed back from a following stage. Each 
delay cell supports the concurrent functions of delay and 
interpolation. The architecture imposes a set of N simulta 
neous equations, Where N is the total number of delay clock 
signals, to control the clock Waveforms. These simultaneous 
equations obtain a unique solution When the DLL enters a 
lock state, and the generated delay clock signals inherently 
have a clock duty cycle of 50%. The delay chain can be 
implemented using either odd or even number of delay cells. 
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MUTUAL-INTERPOLATING 
DELAY-LOCKED LOOP FOR 

HIGH-FREQUENCY MULTIPHASE CLOCK 
GENERATION 

FIELD OF THE INVENTION 

[0001] The present invention relates to semiconductor 
integrated circuits (ICs) that utilize delay-locked loop (DLL) 
circuits, and particularly to the generation of multiple phase 
clocks With 50% duty cycles from such DLL circuits. 

BACKGROUND OF THE INVENTION 

[0002] DLL circuits are utiliZed in a broad range of 
applications that include microprocessors, memory devices 
(DRAM), and clock and data recovery in a communication 
system. Clock generation using DLL circuits has been an 
essential design building block in IC systems. The quality of 
multiphase clock signals generated by DLL circuits plays an 
important role and directly determines the performance of a 
system. In particular, in today’s IC applications, the tech 
nology trend of higher frequency and faster data processing 
rate results in using both rising and falling clock edges, 
Which necessitates high quality clock signals. Furthermore, 
a system may operate simultaneously using multiple clock 
phases (i.e., multiple clock signals having the same period 
but different phases), Which imposes a strict requirement on 
the duty cycle of the various delay clock signals. In general, 
a system operating With clock signals having 50% duty 
cycles supports Wider timing margin and hence better sys 
tem performance and better tolerance to temperature and 
semiconductor process variation than a system having clock 
signals that do not have a 50% duty cycle. 
[0003] FIG. 12 is a simpli?ed diagram shoWing a conven 
tional DLL circuit 50, Which includes a serial connection of 
delay cells 51 to 54, a phase detector 56, a charge pump 58, 
and loop ?lter 59. 
[0004] Each delay cell 51 to 54 includes a delay bulfer 
DLY and a bias circuit 55, and generates an associated 
delayed clock signal CKl to CKN. AReference Clock signal 
having a reference clock cycle (TPERIOD) is applied to an 
input terminal of the delay bulfer DLY of initial delay cell 
51 and to a ?rst input terminal of phase detector 56. The 
delay buffer DLY of initial delay cell 51 generates a ?rst 
delayed clock signal CKl having a phase that differs from 
the applied Reference Clock signal by a ?rst delay amount 
that is determined by an operating state of associated delay 
circuit 55. Second delay cell 52 receives ?rst delayed clock 
signal CKl, and generates a second delayed clock signal 
CK2 having a phase that differs from the applied Reference 
Clock signal by a second delay amount, Which is ideally tWo 
times the ?rst delay amount. Similarly, third delay cell 53 
receives second delayed clock signal CK2, and generates a 
third delayed clock signal CK3 that phase that differs from 
the applied Reference Clock signal by a third (i.e., 3x) delay 
amount. Finally, a last delay cell 54 generates an Nth 
delayed clock signal CKN that is applied to a second input 
terminal of phase detector 56. 
[0005] Phase detector 56, charge pump 58, and loop ?lter 
59 cooperate to control the delay periods t1 to tN of delay 
cells 51 to 54 such that the Nth delayed clock signal CKN 
is synchroniZed to (i.e., in phase With) the Reference Clock 
signal. Phase detector 56 generates output signals (e.g., UP 
and DOWN) that are used to control charge pump 58, Which 
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cooperates With loop ?lter 59 to generate a feedback control 
signal Vcml that is used to control bias circuits 55 of each of 
the delay cells 51 to 54. When conventional DLL circuit 50 
is in an ideal lock condition, clock signals CKl to CKN are 
distributed uniformly in one period of a reference clock 
cycle (T PERIOD) due to the substantially identical delay cells 
51 to 54. That is, because of the feedback loop, the funda 
mental constraint on conventional DLL circuit 50 is that a 
sum of the delays contributed from each delay cell 51 to 54 
has to be equal to TPERIOD (i.e., t1+t2+t3+ . . . +tNITPERIOD; 
Where N is the total number of delay units). 
[0006] A problem associated With conventional DLL cir 
cuit 50 is that there are no constrains on the duty cycle of 
each clock signal CKl to CKN. Due to parasitic loading of 
each stage (i.e., each delay cell), the Waveform and duty 
cycle of clock signals CKl to CKN are progressively 
degraded through the delay chain. As a result, conventional 
DLL circuit 50 is not able to guarantee the quality of clock 
signals CKl to CKN because it lacks physical architecture 
and circuit constraints needed to produce high quality clock 
Waveforms having a 50% duty cycle. Mathematically, the 
architecture of a conventional DLL establishes only one 
constraint equation (i.e., tl+t2+t3+ . . . +tNITPERIOD), and 
there is no guarantee that the phases are uniform (i.e., 
t1?2?3 . . . :tN). As clock frequencies reach the GHZ 

(gigahertZ) range and above, conventional DLL circuit 50 
becomes more dif?cult to operate due to inherent process 
mismatch and parasitic loading imposed on the semicon 
ductor device during manufacture. 
[0007] What is needed is a DLL circuit that overcomes the 
duty cycle offset problems associated With conventional 
DLL circuits, and generates consistent multiphase clock 
signals regardless of fabrication process variations. 

SUMMARY OF THE INVENTION 

[0008] The present invention is directed to a delay-locked 
loop (DLL) circuit that eliminates the duty cycle offset 
problem associated With conventional DLL circuits by uti 
liZing a mutual-interpolating delay cell chain in Which the 
delay clock signal(s) generated by each delay cell are 
produced by delaying and interpolating tWo or more delay 
clock signals received from tWo or more different delay cells 
of the delay cell chain. Similar to conventional DLL circuits, 
the DLL circuit of the present invention utiliZes an outer 
loop feedback circuit (e.g., formed by a phase detector, a 
charge pump, and a loop ?lter) to provide a delay control 
signal that is transmitted to the delay cells of the delay cell 
chain. In addition, each delay cell of the delay cell chain 
utiliZes the delay control signal to delay a ?rst delay clock 
signal received from a preceding delay cell in the chain (or 
the reference clock signal, in the case of the ?rst delay cell 
in the chain). HoWever, in addition to the delay circuit 
utiliZed to delay the ?rst delay clock signal, each delay cell 
of the mutual-interpolating delay cell chain also includes a 
second delay circuit that is connected by one or more 
sub-loop feedback lines to receive a second delay clock 
signal from a second delay cell (e.g., a delay cell that is 
located doWnstream in the delay cell chain). This second 
delay clock signal is then interpolated With the ?rst delay 
clock signal, thereby producing the delay clock signal output 
from that delay cell. In this manner, the mutual-interpolating 
delay cell chain imposes a set of N simultaneous equations 
in the generation of the delay clock signals, Where N is the 
total number of delay clock signals. These simultaneous 
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equations obtain a unique solution When the DLL circuit 
enters lock state (i.e., When the delayed clock signal gener 
ated by a ?nal delay cell in the chain is synchronized With 
the reference clock signal). By arranging the sub-loop feed 
back lines and interpolating the ?rst and second input clock 
signals in this manner, each delay clock signal output from 
its delay cell inherently achieves a 50% clock duty cycle 
because of the N constraint equations. Thus, the DLL circuit 
of the present invention provides multiple phase high 
frequency clock generation for IC devices in Which parasitic 
loading is crucial to the system performance. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] These and other features, aspects and advantages of 
the present invention Will become better understood With 
regard to the folloWing description, appended claims, and 
accompanying draWings, Where: 
[0010] FIG. 1 is a simpli?ed circuit diagram shoWing a 
DLL circuit according to an embodiment of the present 
invention; 
[0011] FIGS. 2(A), 2(B), 2(C), 2(D), 2(E), 2(F), 2(G), and 
2(H) is a timing diagram shoWing clock signals generated by 
the DLL circuit of FIG. 1; 
[0012] FIG. 3 is a simpli?ed circular phase diagram 
depicting the clock signals of FIGS. 2(A)-2(H); 
[0013] FIGS. 4(A), 4(B), 4(C), 4(D), 4(E), 4(F), 4(G), and 
4(H) are simpli?ed diagrams depicting the clock signals of 
FIGS. 2(A)-2(H) in a vector form; 
[0014] FIG. 5 is a three-dimensional (3-D) plot showing 
the sub-feedback arrangement of the DLL circuit of FIG. 1; 
[0015] FIG. 6 is a block diagram shoWing an exemplary 
delay cell utiliZed in a DLL circuit according to an embodi 
ment of the present invention; 
[0016] FIGS. 7(A) and 7(B) are schematic diagrams shoW 
ing the exemplary delay cell of FIG. 6 in additional detail 
according to alternative embodiments of the present inven 
tion; 
[0017] FIG. 8 is a simpli?ed circuit diagram shoWing a 
?ve-stage DLL circuit according to another embodiment of 
the present invention; 
[0018] FIG. 9 is a 3-D plot shoWing the sub-feedback 
arrangement of the ?ve-stage DLL circuit shoWn in FIG. 8; 
[0019] FIG. 10 is a 3-D plot shoWing the sub-feedback 
arrangement of a multiple-stage DLL circuit according to 
another embodiment of the present invention; 
[0020] FIG. 11 is a block diagram shoWing an exemplary 
input buffer utiliZed in a DLL circuit according to another 
embodiment of the present invention; and 
[0021] FIG. 12 is a simpli?ed circuit diagram shoWing a 
conventional DLL circuit. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0022] The present invention relates to an improved delay 
locked loop (DLL) circuit. The folloWing description is 
presented to enable one of ordinary skill in the art to make 
and use the invention as provided in the context of a 
particular application and its requirements. 
[0023] FIG. 1 is a block diagram shoWing a four-stage 
DLL circuit 100 according to a simpli?ed exemplary 
embodiment of the present invention. Similar to conven 
tional DLL circuits, DLL circuit 100 generally includes an 
optional input buffer 110, a delay cell chain 120, and an 
outer loop feedback circuit 130 including a phase detector 
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135, a charge pump 140, and loop ?lter 150. Phase detector 
135 has one or more ?rst input terminals coupled to receive 
the applied reference clock signal (i.e., —DCK and DCK , one 
or more second input terminal coupled to receive a selected 
delay clock signal (i.e., D and -D) generated by last 
sequential delay cell 120-4 of delay cell chain 120. Similar 
to conventional DLL circuits, phase detector 135 utiliZes 
knoWn techniques to compare the applied reference clock 
signals (DCK and/or —DCK) With the delay clock signals (D 
and/or -D), and generates output signals (e.g., UP and 
DOWN) that are used to control charge pump 140, Which 
cooperates With loop ?lter 150 to generate delay control 
signal VDEL_CNTL. Delay control signal VDEL_CNTL is trans 
mitted to control bias circuits 121 and 122 of each of the 
delay cells 120-1 to 120-4. When DLL circuit 100 is in an 
ideal lock condition, delay clock signals D/-D are synchro 
niZed With reference clock signals DCK/-DCK, and delay 
clock signals A, -A, B, -B, C, -C, D and -D are distributed 
uniformly in one period of reference clock signal DCK. As 
set forth beloW, DLL circuit 100 differs from conventional 
DLL circuits in that, in addition to using outer loop feedback 
circuit 130 to introduce a series of delays that produce the 
desired clock phases, delay cell chain 120 includes a mutual 
interpolating arrangement that inherently causes each of the 
delay clock signals to have a 50% clock duty cycle. 
[0024] Referring to the left side of FIG. 1, optional input 
buffer 110 receives reference clock signals CK and -CK 
having a predetermined clock period (herein “TPERIOD”), 
and generates a pair of buffered reference clock signals DCK 
and —DCK that are provided to delay cell chain 120 and phase 
detector 135. In accordance With an aspect of the present 
invention, bu?cered reference clock signals DCK and —DCK 
have characteristics (e.g., voltage level and sleW) that are 
similar to the characteristics of the delay clock signals 
generated inside delay cell chain 120 (discussed beloW). To 
achieve this signal characteristic similarity, in one embodi 
ment input buffer 110 is fabricated to be substantially 
identical to the drivers (e.g., drivers S1 and F1) utiliZed in 
delay cell chain 120. If input buffer 110 is omitted and 
reference clock signals CK and -CK are substantially dif 
ferent from the delay clock signals generated inside delay 
cell chain 120, then signal errors may be generated in an 
initial delay cell (e.g., delay cell 120-1) that may propagate 
through delay cell chain 120, thus reducing the quality of the 
generated delay clock signals. On the other hand, in embodi 
ments Where reference clock signals CK and -CK are 
substantially identical to the delay clock signals generated in 
delay cell chain 120, it may be possible to omit input buffer 
110. Note that, as used herein, negative signs (e.g., “—DCK” 
versus “DCK”) are utiliZed in a conventional sense to des 
ignate 180° phase differences (e.g., the phase of bu?fered 
reference clock signal DCK differs from the phase of bu?cered 
reference clock signal —DCK by 180°). 
[0025] Delay cell chain 120 includes four differential 
delay cells 120-1 to 120-4 that are connected in series 
betWeen the output terminals of buffer 110 and associated 
input terminals of phase detector 135. Each delay cell 120-1 
to 120-4 includes a ?rst (S) driver that receives one or more 
?rst input clock signals, a second (F) driver that receives one 
or more second input clock signals, and bias circuits that are 
utiliZed to control the delay characteristics of the tWo 
drivers. In accordance With an aspect of the present inven 
tion, the ?rst and second drivers are either arranged to 
produce an interpolating function at their shared output 
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nodes, or a separate interpolator circuit is provided to 
perform the interpolation function. For example, delay cell 
120-1 includes a ?rst driver S1, a second driver F1, a ?rst 
bias circuit 121-1 connected betWeen driver S1 and ground, 
a second bias circuit 122-1 connected betWeen driver F1 and 
ground, and an interpolator 125-1 that is connected to the 
output terminals of drivers S1 and F1. Similarly, delay cell 
120-2 includes a ?rst driver S2, a second driver F2, asso 
ciated bias circuits 121-2 and 122-2, and an interpolator 
125-2, delay cell 120-3 includes drivers S3 and F3, associ 
ated bias circuits 121-3 and 122-3, and an interpolator 
125-3, and delay cell 120-4 includes drivers S4 and F4, 
associated bias circuits 121-4 and 122-4, and an interpolator 
125-4. 

[0026] Similar to conventional DLL circuits, the ?rst (S) 
driver of each delay cell 120-1 to 120-4 receives one or more 
(?rst) input clock signals on its input terminal(s), and 
generates one or more (?rst) output clock signals at its 
output terminal(s) that are delayed by an amount determined 
by outer feedback loop circuit 130 and that delay cell’s 
associated bias circuit. For example, driver S1 of delay cell 
120-1 receives bu?fered reference signal DCK on its nonin 
verting (+) input terminal and bu?fered reference signal 
—DCK on its inverting (—) input terminal, and generates 
corresponding output clock signals on its noninverting (+) 
and inverting (—) output terminals that are delayed by 
amounts determined by bias circuit 121-1, Which is con 
trolled by delay control signal VDEDCNTL received from 
outer loop feedback circuit 130. Similarly, driver S2 of delay 
cell 120-2 receives delay clock signals A and -A and 
generates corresponding output clock signals that are 
delayed by bias circuit 121-2, driver S3 of delay cell 120-3 
receives delay clock signals B and -B and generates corre 
sponding output clock signals that are delayed by bias circuit 
121-3, and driver S4 ofdelay cell 120-4 receives delay clock 
signals C and -C and generates corresponding output clock 
signals that are delayed by bias circuit 121-4. 
[0027] In accordance With an aspect of the present inven 
tion, the second (F) driver of each delay cell 120-1 to 120-4 
receives one or more (second) input clock signals from a 
selected (second) delay cell via one or more sub-loop 
feedback lines, Where the selected delay cell is different 
from the source of the ?rst input signal provided to the ?rst 
(S) driver. For example, as indicated in FIG. 1, driver P2 of 
delay cell 120-2 receives delay clock signals D and -D on 
sub-loop feedback lines 127 from delay cell 120-4. Although 
omitted for clarity, delay cell chain includes additional 
sub-loop feedback lines that route selected delay clock 
signals to each of the remaining delay cells. For example, 
delay clock signals C and -C are routed from delay cell 
120-3 to driver P1 of delay cell 120-1, delay clock signals 
A and -A are routed from delay cell 120-1 to driver P3 of 
delay cell 120-3, and delay clock signals B and -B are routed 
from delay cell 120-2 to driver P4 of delay cell 120-4. 

[0028] Similar to drivers S1 to S4, drivers F1 to F4 
generate output clock signals at their respective output 
terminal(s) that are delayed by an amount determined by 
associated bias circuits 122-1 to 122-4, respectively. For 
example, driver P1 of delay cell 120-1 receives delay clock 
signals C and -C, and generates corresponding output clock 
signals on its output terminals that are delayed by amounts 
determined by bias circuit 122-1. Similarly, driver P2 of 
delay cell 120-2 receives delay clock signals D and -D and 
generates corresponding output clock signals that are 
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delayed by bias circuit 122-2, driver P3 of delay cell 120-3 
receives delay clock signals A and -A and generates corre 
sponding output clock signals that are delayed by bias circuit 
122-3, and driver P4 of delay cell 120-4 receives delay clock 
signals B and -B and generates corresponding output clock 
signals that are delayed by bias circuit 122-4. 
[0029] Similar to conventional DLL circuits, the bias 
circuits of each delay cell 120-1 to 120-4 are controlled by 
delay control signal VDEDCNTL that is transmitted on a delay 
loop line 155 from charge pump 140. For example, both 
driver S1 and driver P1 of delay cell 120-1 receive the same 
delay control signal VDEL_CNTL. HoWever, in accordance 
another aspect of the present invention, bias circuits 121-1 
and 122-1 are fabricated such that biasing current I S through 
bias circuit 121-1 has tWice the magnitude of baising current 
I F through bias circuit 122-1. The purpose for these different 
biasing currents is described beloW. 

[0030] According to another aspect of the present inven 
tion, interpolators 125-1 to 125-4 of delay cells 120-1 to 
120-4 interpolate (combine) the output clock signals gener 
ated by the S and F drivers to produce delay clock signals A, 
-A, B, -B, C, -C, D, and -D. Due to active interpolation 
performed by each delay cell 120-1 to 120-4 produces eight 
delay clock signals A, -A, B, -B, C, -C, D, and -D having 
eight unique clock phases (i.e., the clock phase of each delay 
clock signal is different from that of all of the other delay 
clock signals). In addition, the different bias currents IS and 
IF in each of the delay cells 120-1 to 120-4 produce con 
straints under Which the duty cycle of each delay clock 
signal A, -A, B, -B, C, -C, D, and -D is either equal to 50% 
(i.e., When the duty cycle of reference clock signal CK is 
equal to 50%), or is equal or closer to a 50% duty cycle than 
the closer duty cycle of reference clock signal CK When the 
duty cycle of reference clock signal CK is not equal to 50% 
(i.e., the duty cycle of delay clock signals A, -A, B, -B, C, 
-C, D, and -D is no Worse than the duty cycle of reference 
clock signal CK). Further, because of outer feedback loop 
circuit 130 (i.e., delay control signal VDLKCNTL), the clock 
phases applied to phase detector 135 (i.e., bu?fered reference 
clock signals DCK and —DCK, and delay clock signals D and 
-D) are aligned in time domain, Which results in DCKID and 
—DCK:-D, When DLL circuit 100 operates in lock state. As 
a result, all of delay clock signals A, -A, B, -B, C, -C, D, and 
-D have a time period that is equal to time period TPERIOD 
of reference clock signal CK, each delay clock signals A, -A, 
B, -B, C, -C, D, and -D has a unique phase, and all of delay 
clock signals A, -A, B, -B, C, -C, D, and -D have duty cycles 
that are reliably maintained at 50%. 

[0031] FIGS. 2(A) to 2(H) are timing diagrams depicting 
the timing relationships of delay clock signals A, -A, B, -B, 
C, -C, D, and -D as produced by four-stage, mutual inter 
polating DLL circuit 100 (FIG. 1). Together With the dia 
gram in FIG. 1, it can be shoWn that delay clock signal -B 
is generated by interpolating delay clock signals A and -D, 
delay clock signal C is generated by interpolating delay 
clock signals -B and -A, delay clock signal -D is generated 
by interpolating delay clock signals C and B, delay clock 
signal -A is generated by interpolating delay clock signals 
-D and -C, delay clock signal B is generated by interpolating 
delay clock signals -A and D, delay clock signal -C is 
generated by interpolating delay clock signals B and A, 
delay clock signal D is generated by interpolating delay 
clock signals -C and -B, and ?nally delay clock signal A is 
generated by interpolating delay clock signals D and C. In 
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effect, the sub-loop feedback and interpolation arrangement 
employed by delay cell chain 120 constrains the generation 
of delay clock signals A, -A, B, -B, C, -C, D, and -D in a 
manner that can be represented by eight constraint equa 
tions. Thus, eight constraint equations control the generation 
of the eight clock phases produced by DLL circuit 100. In 
addition to outer loop feedback circuit 130, Which ?xes the 
period of each delay clock signal A, -A, B, -B, C, -C, D, and 
-D to TPERIOD, the rising and falling edges of each delay 
clock signal A, -A, B, -B, C, -C, D, and -D are concurrently 
determined by this set of simultaneously linear constraint 
equations. It can be shoWn that the determinant of these 
simultaneous equations is not Zero since the coef?cients of 
the determinant are made of interpolating factors of 2/3 and 
1/3 (i.e., as de?ned by setting the bias current 15 to be tWo 
times bias current I F). Hence, a unique solution of the set of 
equations is therfore obtained When mutual-interpolating 
DLL circuit 100 is in the lock state (i.e., buffered reference 
clock signal DCK is synchroniZed With delay clock signal D), 
and the multiphase delay clock signals A, -A, B, -B, C, -C, 
D, and -D inherently exhibit 50% duty cycle because all the 
clock phases are constrained and regulated by the architec 
ture. Mutual-interpolating DLL circuit 100 therefore is not 
sensitive to process and temperature variations, and the 
additional duty correction circuitry that is required in con 
ventional DLL circuits is not necessary in DLL circuit 100. 

[0032] Stated differently, unlike the conventional DLL 
circuits that are fully reliant on the fabricated similarity of 
the delay cells, and have only one constraint equation to 
control the generation of multiphase clock signals, mutual 
interpolating DLL circuit 100 is constrained by a set of 
simultaneous equations to control the Waveform of clocks. 
The clock phase relationships betWeen the multiphase clock 
signals A, -A, B, -B, C, -C, D, and -D are therefore preserved 
by these additional simultaneous equations. That is, in 
conventional DLL circuits, the clock phases at the output of 
each sequential delay cell are determined solely by the 
sequential delay introduced at each delay cell, Which can 
differ due to fabrication variations. Conversely, the eight 
clock phases generated in mutual-interpolating DLL circuit 
100 are not solely generated by sequentially delaying the 
reference clock signal, but are determined by tWo clock 
phases Within the delay chain. 
[0033] FIGS. 3 and 4(A) to 4(H) respectively shoW both 
circular phase and vector representations associated With 
delay clock signals A, -A, B, -B, C, -C, D, and -D produced 
by mutual-interpolating DLL circuit 100. As indicated in 
FIG. 3, the eight clock phases are uniformly distributed With 
45° separation betWeen each adjacent delay clock signal. For 
example, the phase of delay clock signal -B differs from the 
phase of delay clock signal A by 45°. The active interpola 
tion utiliZed to produce each delay clock signal is depicted 
by vector summation in FIGS. 4(A) to 4(H). For example, as 
shoWn in FIG. 4(A), delay clock signal -B is vector sum 
mation of delay clock signals A and -D. The eight vector 
summations depicted in FIGS. 4(A) to 4(H) occur concur 
rently, and are adjusted by the outer loopback path of the 
DLL. The delay clock signal generated by one delay cell 
propagates its effect to the generation of other delay clock 
signals by Way of the sub-loop feedback arrangement (e.g., 
sub-loop feedback lines 127, shoWn in FIG. 1). Because of 
this mutual-locking sub-loop feedback mechanism, unlike 
conventional DLL circuits, mutual interpolating DLL circuit 
100 generates Well-de?ned delay clock signals having 50% 
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duty cycles and uniform clock phases even When process 
and temperature variations occur. 

[0034] FIG. 5 illustrates mutual interpolating DLL circuit 
100 using a 3-D plot that shoWs the sub-loop feedback 
mechanism utiliZed by the four-stage delay chain. Single 
ended connections are shoWn for simplicity. Drivers F1 to 
F4 and S1 to S4 are controlled by the outer loop feedback 
circuit formed by input buffer 110, phase detector 135, 
charge pump 140, and loop ?lter 150. Note that the sub-loop 
feedback arrangement does not create stability problem in 
mutual-interpolating DLL circuit 100 because the sub-loop 
feedback path (i.e., the signals generated by drivers F1 to 
F4) is much faster than the outer loopback path (i.e., the 
serial connection of drivers S1 to S4), Where the sloWer 
timing constant is controlled by the loop ?lter capacitor. The 
bandWidth of sub-loop feedback paths are much Wider than 
the bandWidth of the outer loop for delay control. The value 
of loop ?lter capacitor is usually made large in DLL design 
to reduce outer loop bandWidth in order to reject high 
frequency interference noise. There are no capacitors added 
in the sub-loop feedback paths, except small parasitic 
capacitance. Hence, the bandWidth of sub-loop feedback is 
much Wider than that of the outer loop. The response time of 
sub-loop feedback is corresponding faster. Stability is not a 
concern in the design of a mutual-interpolating DLL due to 
the bandWidth difference betWeen outer and sub-loop feed 
back paths. The bandWidth difference can be more than a 
decade. The feedback loops Won’t be interactive to each 
other because the Wide difference in their respective loop 
time constants (Where one time constant approximately 
equals l/bandWidth). 
[0035] FIG. 6 shoWs the block diagram of a delay cell 
120A that can be utiliZed in DLL circuit 100 according to a 
speci?c embodiment of the present invention. Delay cell 
120A utiliZes tWo transconductors GmF and Gms, bias cir 
cuits 121A and 122A, and a summation circuit 126A, and a 
resistive load Z to achieve the functions of delay and 
interpolation that are provided by the drivers. A capacitor 
C is siZed to account for the loading of parasitic capaci 
taliirce and the input loading of next stage (e.g., a delay cell 
receiving delay clock signal CKOUT). The delay control to 
each delay cell 120A is provided through delay control 
signal VDEL_CNTL, Which adjusts the biasing current draWn 
from transconductors GmF and Gms by bias circuits 121A 
and 122A, respectively. Bias circuits 121A and 122A are 
fabricated factor of tWo is designed for the magnitude of 
biasing current (i.e., I SIZ’X‘IF). This factor of tWo is required 
to perform the function of interpolating and to implement 
the timing relationship depicted in FIG. 2. For example, 
referring again to FIG. 4(A), the interpolating equation for 
delay clock signal -B can be derived as 2*A/3+(-D)/3. Since 
the phase of delay clock signal -B is closer to the phase of 
delay clock signal A than it is to the phase of delay clock 
signal -D, the driving strength for delay clock signal Aneeds 
to be tWo times stronger than that for delay clock signal -D. 
Here, delay clock signal A is connected to transconductor 
Gms, and delay clock signal -D is applied to the input 
terminal of transconductor GmF. Through summation circuit 
126A and resistive load Z, the interpolated delay clock 
signal -B is generated. 
[0036] FIG. 7(A) shoWs the circuit diagram of a delay cell 
120A-1 that can be utiliZed in DLL circuit 100 according to 
another speci?c embodiment of the present invention. TWo 
input differential pairs 127A-11 and 127A-12 and associated 
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bias transistors 121A-1 and 122A-1 are used to implement 
transconductors Gms and GmF, and serve as the input stage 
of an interpolator. Note that signal designations CKSJF, CKS_, 
CKF+ and CKF_ are utilized to generically represent the 
delay clock signals received from a preceding stage and 
from the sub-loop feedback circuit in the manner described 
above. A summation circuit 126A-1 is implemented by 
direct connection at the drain nodes of differential pairs 
127A-11 and 127A-12. The resistive loads Z are simple 
resistors. As mentioned above, the biasing currents gener 
ated through bias transistors 121A-1 and 122A-1 differ by a 
factor of tWo to support the interpolation function. The delay 
function is achieved by tuning the tail current using bias 
control signal VDEL_CNTL, Which is generated by the outer 
feeback loop of the DLL circuit in the manner described 
above. Note that the architecture of delay cell 120A-1 
provides the functions of delay and interpolating simulta 
neously. 
[0037] FIG. 7(B) shoWs the circuit diagram of a delay cell 
120A-2 that can be utiliZed in DLL circuit 100 according to 
another speci?c embodiment of the present invention. Simi 
lar to delay cell 120A-1 (see FIG. 7(A)), delay cell 120A-2 
includes tWo input differential pairs 127A-21 and 127A-22 
and associated bias transistors 121A-2 and 122A-2 that 
implement transconductors Gms and GmF. However, instead 
of the resistor load used in delay cell 120A-1, delay cell 
120A-2 utiliZes PMOS transistors 129-1 and 129-2. A rep 
lica circuit formed by an operation ampli?er 138, a PMOS 
transistor 139, and NMOS transistors 131 and 137, is 
connected in parallel With all delay cells 120A-2 in the delay 
chain, and provides a biasing voltage Vp to all PMOS 
transistors (e.g., 129-1 and 129-2) in the delay chain. Fur 
ther, note that in delay cell 120A-1 (FIG. 7(A)), the voltage 
sWing of is not ?xed, and delay clock signal CKOUT depends 
on the voltage level of bias control signal VDEL_CNTL for 
delay control. In contrast, the replica circuit provided in 
conjunction With delay cell 120A-2 clamps a sWing of delay 
clock signal CKOUT by Way of a feedback mechanism 
associated With operational ampli?er 138. The sWing mag 
nitude is de?ned by feedback signal Vswing, Which is applied 
to the negative input terminal of operational ampli?er 138. 
[0038] FIG. 8 is a simpli?ed diagram depicting a ?ve 
stage mutual-interpolating DLL circuit 200 according to 
another embodiment of the present invention. DLL circuit 
200 includes an optional input buffer 210, phase detector 
235, charge pump 240, ?lter 250, and ?ve delay cells 220-1 
to 220-5 that respectively generate ten delay clock signals A, 
-A, B, -B, C, -C, D, -D, E, and -E in a manner similar to that 
described above (i.e., such that each delay clock signal has 
a unique clock phase, and such that each delay clock single 
has a 50% duty cycle). 
[0039] Similar to the arrangement described above With 
reference to FIG. 1, DLL circuit 200 may be effectively 
described using a set of ten mutual-constraint equations. As 
such, mutual-interpolating DLL circuits 100 and 200 col 
lectively illustrate that DLL circuits formed in accordance 
With the present invention can be implemented using any 
even or odd number of delay cells, depending on the 
applications for multiphase clock generation. The constraint 
equations are automatically imposed With the implementa 
tion of interpolator-type delay cell and the DLL architecture. 
Hence, the mutual-interpolating DLL circuits of the present 
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invention are able to provide a Well-controlled generation of 
multiphase clocks, regardless of semiconductor process and 
temperature variations. 
[0040] FIG. 9 illustrates mutual interpolating DLL circuit 
200 using a 3-D plot that shoWs the sub-loop feedback 
mechanism utiliZed by the ?ve-stage delay chain. Single 
ended connections are shoWn for simplicity. Drivers F1 to 
F5 and S1 to S5 (Which are associated With delay cells 220-1 
to 220-5 as illustrated in FIG. 8) are controlled by the outer 
loop circuit formed by input buffer 210, phase detector 235, 
charge pump 240, and loop ?lter 250 in the manner 
described above. The sub-feedback paths (F drivers) are 
connected betWeen every other tWo delay stages (e.g., driver 
F1 feeds back delay clock signal C from driver S3, Which is 
combined With reference clock signal ECK in the ?rst stage 
to produce delay clock signal A). Unlike the conventional 
DLL Which implements straight forWard delay chain archi 
tecture, FIG. 9 clearly demonstrates the inter-locking and 
mutual-constraint architecture for each clock phase because 
of built-in sub-loop feedbacks. 
[0041] FIG. 10 is a 3-D plot shoWing a mutual interpo 
lating DLL circuit 300, Which represents the generaliZed 
extension of mutual-interpolating DLL circuits 100 and 200 
With an N-stage delay chain, Where N is the total number of 
delay cells and N is greater than 2. The N-stage delay chain 
provides a total of 2*N delay clock signals respectively 
having 2*N unique phases. The operation principle is the 
same for either even or odd number of stages. HoWever, to 
maintain proper clock phase relationship, the polarity of 
signal connections is slightly different for even and odd 
number of delay cells. This polarity difference in connec 
tions can be found betWeen FIG. 2 (four-stage) and FIG. 8 
(?ve-stage). FIG. 10 depicts general principle of the mutual 
interpolating DLL in single-ended connections. The plot 
does not exhibit the polarity issue. 
[0042] As mentioned above, input buffers (e.g., input 
buffer 110; see FIG. 1) are utiliZed to better match the 
reference clock Waveform With the Waveforms of the delay 
clock signals generated by the delay cells. FIG. 11 is a circuit 
diagram shoWing an exemplary input buffer 110A, Which is 
substantially the same as delay cell 120A described above 
With reference to FIG. 6, but the tWo transconductor input 
terminals are shorted together and connected to receive the 
input reference clock by Way of an optional duty cycle 
corrector circuit. If the input clock duty cycle is not Well 
de?ned around 50%, the duty cycle corrector circuit can be 
implemented to correct the duty cycle problem using knoWn 
techniques before it is sent to the mutual-interpolating DLL 
circuit. No further duty cycle corrections Will be necessary 
in the DLL circuit since the architecture automatically 
enforces the balancing betWeen clock phases by using 
mutual interpolating. The tail biasing current is also adjusted 
by the loop ?lter voltage VDEDCNTL to produce the same 
driving strength as produced in delay cell 120A. 
[0043] Although the present invention has been described 
With respect to certain speci?c embodiments, it Will be clear 
to those skilled in the art that the inventive features of the 
present invention are applicable to other embodiments as 
Well, all of Which are intended to fall Within the scope of the 
present invention. 
[0044] For example, While the present invention is 
described above to speci?c embodiments in Which every 
delay cell of the delay cell chain receives a second input 
clock signal from a selected delay cell via one or more 
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sub-loop feedback lines, it may be possible to produce a 
suitable DLL circuit in Which only a subset (e.g., one or 
more) of the delay cells in the delay cell chain receive 
second clock signals via sub-loop feedback lines. For 
example, referring back to FIG. 1, When sub-loop feedback 
lines are used in each delay cell, each delay clock signal is 
substantially guaranteed to have a 50% duty cycle. However, 
if the interpolation function Was omitted from delay cells 
120-1, 120-3 and 120-4 (e.g., drivers F1, F3 and F4 and their 
associated sub-loop feedback lines Were omitted), then only 
delay clock signals B and -B Would assuredly include 50 
duty cycles. Although such a limited sub-loop feedback 
arrangement Would provide DLL performance that could be 
better than conventional approaches and Would simplify the 
overall delay cell chain circuit, a problem With this imple 
mentation is that there is no guarantee that other clock 
signals (A, -A, C, -C, D and -D) Will have 50% duty cycles 
because there are no constraint equations for these other 
clock signals. 
[0045] In accordance With another alternative embodi 
ment, although the invention is described above With refer 
ence to speci?c embodiment that employ sub-loop feedback 
lines from every other tWo delay cells, it is also possible to 
route the sub-loop feedback lines from every other three 
delay cells or even every other four delay cells. For example, 
in the embodiment shoWn in FIG. 1 the delay clock signal 
D is fed back tWo delay cells (i.e., from delay cell 120-4 to 
delay cell 120-2). In an embodiment Where the sub-loop 
feedback lines are from every other three delay cells, delay 
clock signal D Would be fed back to delay cell 120-1. Note 
that the mutual simultaneously equations are still valid, but 
have different coef?cients (e.g., 3/4 and 1A instead original 2/3 
and 1/3). A problem With utiliZing sub-loop feedback lines 
from every other three or more delay cells is that the 
interpolating signals (connecting to drivers S and F) may be 
separated too far in time, and therefore cannot achieve good 
quality interpolation in actual circuit implementations. 

1. A delay-locked loop (DLL) circuit for generating a 
plurality of delayed clock signals in response to an applied 
reference clock signal, the DLL circuit comprising: 

a delay cell chain including a plurality of series-connected 
delay cells], each delay cell of the delay cell chain 
includes generating means for generating one or more 
of said delay clock signals; and 

an outer feedback loop circuit having a ?rst input terminal 
coupled to the applied reference clock signal, a second 
input terminal coupled to receive a selected delay clock 
signal generated by a last-sequential delay cell of the 
delay cell chain, and means for generating a delay 
control signal VDEDCNTL and for transmitting the delay 
control signal to each of the plurality of delay cells in 
the delay cell chain, 

Wherein said delay cell chain further comprises at least 
one sub-loop feedback line extending from a ?rst delay 
cell to a second delay cell of said delay cell chain, and 

Wherein said generating means of said ?rst delay cell 
includes means for interpolating a ?rst delay clock 
signal and a second delay clock signal, the ?rst delay 
clock signal being received from a preceding delay cell 
of the delay cell chain, and the second delay clock 
signal being received from said second delay cell of the 
delay cell chain via said at least one sub-loop feedback 
line. 
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2. The DLL circuit according to claim 1, Wherein said 
generating means of said delay ?rst cell includes a ?rst 
driver and a second driver, the ?rst driver having one or 
more input terminals connected to receive the ?rst delay 
clock signal from said preceding delay cell of the delay cell 
chain, and the second driver having one or more input 
terminals connected to receive the second delay clock signal 
from said second delay cell of the delay cell chain via said 
at least one sub-loop feedback line. 

3. The DLL circuit according to claim 2, Wherein a ?rst 
output terminal of the ?rst driver is connected to a second 
output terminal of the second driver, Whereby the ?rst and 
second delay clock signals are interpolated by the ?rst and 
second drivers. 

4. The DLL circuit according to claim 2, Wherein each 
delay cell of the delay cell chain further comprises delay 
means for delaying an output signal generated by each of the 
?rst and second drivers by a delay period determined by the 
delay control signal VDEL_CNTL. 

5. The DLL circuit according to claim 4, Wherein the 
delay means comprises ?rst and second biasing circuits for 
respectively generating a ?rst and second biasing currents in 
said ?rst and second drivers in response to said delay control 
Signal VDEL-CNTL' 

6. The DLL circuit according to claim 5, Wherein the ?rst 
and second biasing circuits include means for generating the 
?rst and second biasing currents such that the ?rst biasing 
current is tWice the magnitude of the second biasing current. 

7. The DLL circuit according to claim 6, Wherein the outer 
loop feedback circuit comprises: 

a phase detector having a ?rst input terminal coupled to 
receive the applied reference clock signal, a second 
input terminal coupled to receive a selected delay clock 
signal generated by the last-sequential delay cell of the 
delay cell chain; and 

a charge pump for generating said delay control signal 
DELVCNH in response to output signals generated by the 

phase detector. 
8. The DLL circuit according to claim 7, 
Wherein the outer loop feedback circuit further comprises 

a delay loop line connected betWeen an output terminal 
of the charge pump and said delay means of each of the 
plurality of delay cells, and a loop ?lter connected to 
the delay loop line. 

9. The DLL circuit according to claim 1, further compris 
ing means for buffering the applied reference clock signal 
such that the buffered reference clock signal has signal 
characteristics that are similar to signal characteristics asso 
ciated With the delay clock signals generated by each of the 
plurality of delay cells. 

10. The DLL circuit according to claim 1, Wherein said 
generating means of said ?rst delay cellcomprises: 

a ?rst transconductor having an input terminal connected 
to receive the ?rst delay clock signal from said pre 
ceding delay cell of the delay cell chain; 

a second transconductor having an input terminal con 
nected to receive the second delay clock signal from 
said second delay cell of the delay cell chain via said at 
least one sub-loop feedback line; 

a summation circuit having input terminals respectively 
connected to output terminals of the ?rst and second 
transconductors; and 

a resistive load connected to an output terminal of the 
summation circuit. 
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11. The DLL circuit according to claim 1, wherein said 
generating means of said ?rst delay cellcomprises: 

a ?rst differential pair having an input terminal connected 
to receive the ?rst delay clock signal from said pre 
ceding delay cell of the delay cell chain; and 

a second differential pair having an input terminal con 
nected to receive the second delay clock signal from 
said second delay cell of the delay cell chain via said at 
least one sub-loop feedback line, 

Wherein a drain node of the ?rst differential pair is directly 
connected to a drain node of the second differential 
pair. 

12. The DLL circuit according to claim 11, Wherein said 
generating means of said ?rst delay cellcomprises ?rst and 
second bias transistors respectively connected betWeen 
source nodes of the ?rst and second differential pairs and a 
loW voltage source, 

Wherein gate terminals of the ?rst and second bias tran 
sistors are connected to receive the delay control signal 
VDEL-CNTLs and 

Wherein the ?rst and second bias transistors are siZed such 
that a biasing current generated through the ?rst bias 
transistor is tWo times a biasing current generated 
through the second bias transistor. 

13. The DLL circuit according to claim 12, Wherein said 
generating means of said ?rst delay cellcomprises resistors 
connected betWeen a high voltage source and the drain 
nodes of the ?rst and second differential pairs. 

14. The DLL circuit according to claim 12, Wherein said 
generating means of said delay ?rst cellcomprises ?rst and 
second PMOS transistors connected betWeen a high voltage 
source and the drain nodes of the ?rst and second differential 
pairs, and 

Wherein the delay cell chain further comprises means for 
provides a biasing voltage [Vp] to the ?rst and second 
PMOS transistors. 

15. The DLL circuit according to claim 12, Wherein the 
delay cell chain comprises an odd number of delay cells. 

16. The DLL circuit according to claim 1, Wherein tWo or 
more of said series-connected delay cells are connected 
betWeen the ?rst and the second delay cells. 

17. A delay-locked loop (DLL) circuit for generating a 
plurality of delayed clock signals in response to an applied 
reference clock signal such that all of the delayed clock 
signals and the reference clock signal have a predetermined 
clock period, and such that each of the delayed clock signals 
has a unique phase, the DLL circuit comprising a delay cell 
chain including a plurality of series-connected delay cells], 
each delay cell of the delay cell chain includes generating 
means for generating one or more of said delay clock 
signals, 

Wherein said generating means of at least one of said 
delay cells includes means for interpolating a ?rst delay 
clock signal and a second delay clock signal, the ?rst 
delay clock signal being received from a ?rst delay cell 
of the delay cell chain, and the second delay clock 
signal being received from a second delay cell of the 
delay cell chain. 
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18. The DLL circuit according to claim 17, 
Wherein the plurality of delay cells comprise series 

connected delay cells including an initial delay cell and 
a ?nal delay cell, and 

Wherein the ?rst delay clock signal received by at least 
one of said delay cells is generated by a preceding delay 
cell of said series-connected delays cells, and said 
second clock signal received by said at least one of said 
delay cells is generated by a subsequent delay cell of 
said series-connected delays cells. 

19. A delay-locked loop (DLL) circuit for generating a 
plurality of delayed clock signals in response to an applied 
reference clock signal, Wherein the DLL circuit comprises: 

a delay cell chain including: 
an initial delay cell coupled to receive the reference clock 

signal, the initial delay cell including means for gen 
erating an initial delayed clock signal such that the 
initial clock signal has a ?rst phase that differs from a 
reference phase of the reference clock signal by a 
predetermined phase amount, 

one or more intermediate delay cells coupled to receive 
the ?rst delayed clock signal, the said one or more 
intermediate delay cells including means for generating 
one or more intermediate delayed clock signals, each of 
the intermediate delayed clock signals having a corre 
sponding second phase that differs from the ?rst phase; 
and 

a ?nal delay cell coupled to receive one of the second 
delayed clock signals, the initial delay cell including 
means for generating a ?nal delayed clock signal 
having a ?nal phase; and 

an outer feedback loop circuit including means for com 
paring the reference clock signal With the ?nal delay 
clock signal, and means for generating a delay control 
signal VDEL_CNTL that varies according to a difference 
betWeen the reference phase and the ?nal phase, 

Wherein said delay cell chain further comprises at least 
one sub-loop feedback line extending from the ?nal 
delay cell to one of the intermediate delay cells of said 
delay cell chain, and 

Wherein said generating means of said one of said inter 
mediate delay cells includes means for interpolating a 
?rst delay clock signal received from a preceding delay 
cell of the delay cell chain and said ?nal delay clock 
signal. 

20. The DLL circuit according to claim 1, Wherein said 
generating means of said one of said intermediate delay cells 
includes a ?rst driver and a second driver, the ?rst driver 
having an input terminal connected to receive the ?rst delay 
clock signal from said preceding delay cell of the delay cell 
chain, and the second driver having one or more input 
terminals connected to receive the ?nal delay clock signal 
from said ?nal delay cell via said at least one sub-loop 
feedback line. 


