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(57) ABSTRACT 

A digital delay interpolator adapted to receive a first clock 
Signal and a Second clock signal, the Second clock signal 
having a transition at a time that is delayed with respect to 
the time of a transition of the first clock signal, and to 
provide an output clock Signal having a transition at a time 
intermediate the time of the transition of the first clock signal 
and the time of the transition of the Second clock signal. The 
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interpolator includes a first plurality of Selectively enabled 
delay circuits and a Second plurality of Selectively enabled 
delay circuits, the first plurality of delay circuits having an 
input port being adapted to receive the first clock Signal, and 
the Second plurality of delay circuits having an input port 
being adapted to receive the Second clock signal. The first 
plurality of delay circuits and the Second plurality of delay 
circuits have outputs connected together to form the output 
of the digital delay interpolator. Each of the delay circuits 
includes a first delay buffer element adapted to receive one 
of the first and Second clock signals, and being enabled by 
an enable signal, a Second delay buffer element connected to 
the output of the first delay buffer, and being enabled by the 
enable signal, and circuit means for providing a predeter 
mined Voltage at the common connection point of the first 
delay buffer and the second delay buffer when the first and 
second delay buffers are not enabled. 

In another aspect of the invention, there is provided a 
tristatable element circuit being powered by a power Supply 
connected to a ground connection and having a Supply 
Voltage. Included are a first tristatable circuit element having 
an input port, an output port and a tristate control port, and 
a Second tristatable circuit element having an input port 
connected to the output port of the first tristatable circuit 
element, an output port and a tristate control port. Also 
provided is a Switch coupled between the common connec 
tion node of the output of the first tristatable circuit element 
and the input of the second tristatable circuit element and a 
Voltage Source having a magnitude intermediate the Supply 
Voltage and ground, and being adapted to be Switched to an 
ON state when the enable signal is OFF. 
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LOAD EQUALIZATION IN DIGITAL DELAY 
INTERPOLATORS 

TECHNICAL FIELD OF THE INVENTION 

0001. This invention relates to tristatable circuit ele 
ments. More particularly, the present invention relates to 
digital delay interpolators, Specifically, to an apparatus for 
generating uniform delays in digital delay interpolators. 

BACKGROUND OF THE INVENTION 

0002 Weighted interpolation of digital delay taps is a 
known technique for Subdividing the delay into finer delayS 
for better resolution, for example in delay locked loops. 
FIG. 1 shows a typical prior art delay chain 10, which may, 
for example, be part of a ring oscillator. The delay chain 10 
is made of four delay elements 12, 14, 16, 18 connected in 
Series, as shown. An input Signal IN is applied to the input 
of the first delay element 12, and it is passed down the chain 
10. Each element in the chain 10 gives the input signal a 
delay of T. Thus, the signal at the output of delay element 12 
has a delay of T with respect to Signal IN, the Signal at the 
output of delay element 14 has a delay of 2T with respect to 
Signal IN, the Signal at the output of delay element 16 has a 
delay of 3T with respect to signal IN, and the signal at the 
output of delay element 18 has a delay of 4T with respect to 
signal IN. 
0.003 FIG. 2 shows a typical prior art digital delay 
interpolator 20. The interpolator 20 is made of two groups of 
delay elements, in this case each being an inverter. The first 
group, on the left of the figure, is comprised of four delay 
elements ill, i2L, i3L and i4L, of equal Strength, each 
having its input connected to receive a Signal L on line 22, 
while the Second group is comprised of four delay elements 
i1R, i2R, i3R and i4R, of equal strength, each having its 
input connected to receive a signal R on line 24. Each delay 
element receives a respective differential pair of enable 
Signals Delay elements ill and i1R receive enable signals 
EN1 and EN1, delay elements i2L and i2R receive enable 
signals EN2 and EN2, delay elements i3L and i3R receive 
enable signals EN3 and EN3, while delay elements i4L and 
i4R receive enable signals EN4 and EN4. The signals L and 
R may be, for example, the outputs of two adjacent delay 
elements of the delay chain 10 of FIG. 1, such as delay 
element 12 and delay element 14 for example. In this 
discussion it is assumed that Signal R is delayed more than 
Signal L. 
0004 Delay interpolator 20 functions to cause the timing 
of its output signal OUT to be controlled incrementally more 
or less by the timing of Signal L or Signal R, depending on 
which of its delay elements are Selected for enablement, i.e., 
their associated enable Signal is ON. Thus, the delay through 
interpolator 20 may be subdivided into, for example four T/4 
delays and thereby provide a finer gradation of delay when 
used with, for example, the delay chain 10 of FIG. 1. The 
delay elements in the interpolator 20 are tristatable inverters 
and at any given time four out of the eight inverters are ON, 
i.e., enabled. Minimum delay is achieved when all four 
inverters receiving the L signal (i1L, i2L, i3L and i4L) are 
ON. The next greater delay is achieved when three inverters 
receiving L and one inverter receiving R are ON. The next 
greater delay is achieved when two inverters receiving Land 
two inverters receiving R are ON. The next greater delay is 
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achieved when one inverter receiving L and three inverters 
receiving R are ON. Maximum delay is achieved when all 
four inverters receiving the R signal (i1R, i2R, i3R and i4R) 
are ON. 

0005 Now, assume that interpolation is to be between a 
delay of 2T and 3T by selecting the signal from FIG. 1 
delayed by 2T, i.e., the output of delay element 14, to be 
signal L and by selecting the signal from FIG. 1 delayed by 
3T, i.e., the output of delay element 16, to be signal R. 
ASSume that the inherent delay due to any four of the 
tristatable inverters driving the output is t. When all of the 
L. delay elements, i1L, i2L, i3L and i4L, are ON (the rest are 
OFF) the delay through interpolator 20 is equal to 2T+0+t. 
When delay elements i1R, i2L, i3L and i4L, are ON the 
delay through interpolator 20 is equal to 2T+T/4+t. When 
delay elements i1R, i2R, i3L and i4L, are ON the delay 
through interpolator 20 is equal to 2T+2T/4+t. Likewise, 
when delay elements i1R, i2R, i3R and i4R, are ON the 
delay through interpolator 20 is equal to 2T+4T/4+t, or, 
3T+t. 

0006. However, the delays expressed above are theoreti 
cal delayS. In reality, these delays are significantly shorter 
than expressed above, and these delayS Vary depending upon 
the delay Selected. This is because of parasitic capacitances 
in the tristatable inverters, giving rise to capacitance at the 
interpolated output OUT, and because the capacitive load at 
output OUT is not the same in all cases. 
0007. The capacitance at the output of any given tristat 
able inverter in interpolator 20 depends on the voltage at its 
input, even when it is in the OFF state. FIG. 3 is a circuit 
diagram of one of these inverters, each of which has the 
Same construction. AS can be seen, the capacitance at the 
output of the inverter is the Sum of the gate to drain 
capacitances of the PMOS transistor 30 and NMOS transis 
tor 32, i.e., C and C, respectively, and of the back gate 
to drain capacitances of PMOS transistor 30 and NMOS 
transistor 32, i.e., C and Cai, respectively. Normally, if 
the input signal IN is HIGH the values for Can and Can are 
also high, while if IN is low the values for C and C are 
high, resulting in a relatively high capacitive load at the 
output of this circuit in such cases. However, if IN is 
Somewhere near mid-Supply the capacitive contributions 
from both PMOS transistor 30 and NMOS transistor 32 are 
almost equal and the total capacitance is low. Consequently, 
the capacitive load at the output of this circuit is Small in this 
case. An additional effect is that any rising or falling 
transition of the input Signal IN is coupled to the output 
through C and Can, and affects the output. 
0008 Because of these effects, the interpolated delays 
vary from the ideal magnitude expressed above. FIGS. 4(A) 
and 4(B) will now be referred to, to explain this further. 
These figures are signal diagrams in which the horizontal 
axis represents time and the vertical axis represents Voltage. 
In both figures ten signals appearing at the output of the 
interpolator 20 of FIG. 2 are Superimposed, each such signal 
having Successively greater delay, as shown by transitions 
34, 36, 38, 40, 42, etc. It is assumed that, initially, the signal 
L is the output of delay element 14, while signal R is the 
output of delay element 16, accounting for the first five 
transitions, and that after the fifth transition the Signal L is 
the output of delay element 16, while signal R is the output 
of delay element 18, accounting for the next five transitions. 
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0009 Consider transition 34 in FIG. 4. A transition 
delayed by tristate inverters i1L, i2L, i3L and i4L, has this 
delay. During this transition, signal R is HIGH, and therefore 
the capacitive load due to tristate inverters i1R, i2R, i3R and 
i4R, is maximum. The corresponding delay through inter 
polator 20 is, likewise, maximum. 
0.010 However, consider transition 42. A transition 
delayed by tristate inverters i1R, i2R, i3R and i4R, has this 
delay. During this transition, Signal L is completing a 
transition, and hence the effective capacitive load offered by 
tristate inverters i1L, i2L, i3L and i4L, is much less than the 
load in the capacitive load in the previous case. The corre 
sponding delay through interpolator 20 is, likewise, mini 
mum. For intermediate transitions 36, 38 and 40, the same 
considerations apply, with decreasing load capacitance, and 
correspondingly decreasing delay, respectively. This creates 
a "dead Zone' in the delay interpolation by compressing the 
delays as the transitions are decreasingly delayed. This dead 
Zone is Seen where the changeover occurs to the next pair of 
coarse delay Signals, e.g., between transition 42 and transi 
tion 44. Therefore, it can be seen that this approach becomes 
unusable where regularly Spaced transitions are desired, for 
example in delay locked loops where a very clean clock, 
having low jitter, is desired. 

SUMMARY OF THE INVENTION 

0.011 The present invention provides an improved digital 
delay interpolator having uniformly spaced delayS. In accor 
dance with the present invention there is provided a digital 
delay interpolator adapted to receive a first clock signal and 
a Second clock signal, the Second clock Signal having a 
transition at a time that is delayed with respect to the time 
of a transition of the first clock signal, and to provide an 
output clock signal having a transition at a time intermediate 
the time of the transition of the first clock signal and the time 
of the transition of the Second clock signal. The interpolator 
includes a first plurality of Selectively enabled delay circuits 
and a Second plurality of Selectively enabled delay circuits, 
the first plurality of delay circuits having an input port being 
adapted to receive the first clock signal, and the Second 
plurality of delay circuits having an input port being adapted 
to receive the Second clock signal. The first plurality of delay 
circuits and the Second plurality of delay circuits have 
outputs connected together to form the output of the digital 
delay interpolator. Each of the delay circuits includes a first 
delay buffer element adapted to receive one of the first and 
Second clock signals, and being enabled by an enable signal, 
a Second delay buffer element connected to the output of the 
first delay buffer, and being enabled by the enable signal, and 
circuit means for providing a predetermined Voltage at the 
common connection point of the first delay buffer and the 
second delay buffer when the first and second delay buffers 
are not enabled. 

0012. According to another aspect of the invention there 
is provided a tristatable element circuit being powered by a 
power Supply connected to a ground connection and having 
a Supply Voltage. Included are a first tristatable circuit 
element having an input port, an output port and a triState 
control port, and a Second tristatable circuit element having 
an input port connected to the output port of the first 
tristatable circuit element, an output port and a triState 
control port. Also provided is a Switch coupled between the 
common connection node of the output of the first tristatable 
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circuit element and the input of the Second tristatable circuit 
element and a Voltage Source having a magnitude interme 
diate the Supply Voltage and ground, and being adapted to be 
Switched to an ON state when the enable signal is OFF. 
0013 These and other features of the invention will be 
apparent to those skilled in the art from the following 
detailed description of the invention, taken together with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0014) 
0015 FIG. 2 is a diagram of a prior art digital delay 
interpolator; 

0016 FIG.3 is a circuit diagram of a delay element of the 
interpolator of FIG. 2; 

FIG. 1 is a diagram of a prior art delay chain; 

0017 FIG. 4 is a signal timing diagram showing a 
number of output signals of the interpolator of FIG. 2, 
having differing delayS, 
0018 FIG. 5 is a diagram of a pertinent portion of the 
preferred embodiment of the present invention; 
0019 FIG. 6 is a diagram showing, in conjunction with 
FIG. 5, the preferred embodiment of the present invention; 
0020 FIG. 7 is a signal timing diagram like that of FIG. 
4, but showing a number of output Signals of the interpolator 
of FIGS. 5 and 6; and 
0021 FIG. 8 is a diagram of a circuit that may be used 
to generate an intermediate Voltage used in the interpolator 
of FIGS. 5 and 6. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0022. A digital delay interpolator of a preferred embodi 
ment of the present invention is shown in FIGS. 5 and 6. In 
this embodiment another tristate inverter is used to drive 
each of the previously described tristate inverters in a delay 
circuit. FIG. 5 shows one “pair'50 of Such delay circuits, 
corresponding, to inverters ill and i1R of FIG. 2. It will be 
understood that other pairs of delay elements like those in 
FIG. 5 are also part of this embodiment, interconnected in 
similar fashion as the tristate inverter pairs of FIG. 2, as 
shown in FIG. 6, wherein the three other pairs of delay 
circuits 60, 70 and 80 are shown, all constituting the digital 
delay interpolator 100 of this embodiment. It will also be 
understood that each of the other Such pairs of delay circuits 
60, 70 and 80. are of the same construction as that of delay 
circuit pair 50. 
0023 Turning now to FIG. 5, the main tristate inverter 
i1L' (corresponding to tristate inverter i1L of FIG. 2), the 
output of which contributes to the output of the interpolator 
of which it is a part, is now driven by another tristate inverter 
52, the input of which receives signal L. Likewise, triState 
inverter i1R", the output of which contributes to the output 
OUT of the interpolator of which it is a part, is now driven 
by another tristate inverter 54, the input of which receives 
signal R. Both of the “left” inverters 52 and i1L receive 
differential enable signals EN1 and EN1 at their inverting 
triState control input, and non-inverting tristate control input, 
respectively. Likewise, both of the “right' inverters 54 and 
i1R" receive differential enable signals EN1 and EN1 at their 
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inverting tristate control input, and non-inverting triState 
control input, respectively. The signal EN1 is also connected 
to the gate of an NMOS transistor 56, the source of which 
is connected to the output of inverter 52, which is also 
connected to the input of inverter i1L. The drain of tran 
Sistor 56 is connected to a reference voltage VM which is 
near the middle of the level of the Supply Voltage. Likewise, 
the signal EN1 is also connected to the gate of an NMOS 
transistor 58, the source of which is connected to the output 
of inverter 54, which is also connected to the input of 
inverter i1R". The drain of transistor 58 is connected to 
reference Voltage VMID. 
0024. The NMOS transistors 56 and 58 function as 
Switches, ensuring that the effective capacitance at the 
output of the associated inverter i1L and i1R", respectively, 
that is disabled is always the Same, and is independent of 
whether the inverter belongs to side L or side R. This 
maintains a constant and optimized capacitive load, due to 
the inverters that are in an OFF state, at the output OUT of 
the interpolator, independent of delay combinations. Rather 
than use a CMOS switch configuration, an NMOS switch is 
used in this embodiment in order to reduce the capacitance 
offered by the switch to the tristate inverter (e.g., 52) which 
drives the final tristate inverter (e.g., i1L). Since an NMOS 
Switch, and not a complete CMOS Switch, is used, the VM 
reference Voltage has been kept lower than mid-Supply, to 
reduce the resistance offered by the NMOS switch, and 
thereby increase the Switching Speed. 
0.025 The result of this new inventive configuration is the 
distribution of the subdivision delays of the coarse range T 
delays uniformly, as shown in FIG. 7, which is a diagram 
like FIG. 4, but showing the same signals appearing at the 
output of an interpolator constructed as in FIG. 5. Note that 
the transitions between the fifth and sixth delayed output 
Signals overlap at 90, as should be the case, and no dead Zone 
is present. The fifth transition is the result of inverters i1R, 
i2R, i3R and i4R, Switching, with coarse range Signals 
having delay 2T and 3T (i.e., the outputs of inverters 14 and 
16 of FIG. 1, respectively) being the signals L and R, 
respectively. The sixth transition is the result of inverters 
i1L, i2L, i3L and i4L, Switching, with coarse range Signals 
having delay 3T and 4T (i.e., the outputs of inverters 16 and 
18 of FIG. 1, respectively) being the signals L and R, 
respectively. Note that the use of VMI to the inverter input 
does not affect the high current State of the inverter, Since the 
VM Voltage is applied to an inverter only when it is 
disabled, but not when it is enabled. 
0026. The VMI Voltage may be generated using the 
MOS-diode chain shown in FIG. 8, comprising three PMOS 
transistors 92, 94 and 96, configured as diodes by having 
their gates and drains connected together, and connected in 
Series between the Supply Voltage VCC and ground, as 
shown. The Voltage VM is taken from the common con 
nection point of the drain of transistor 94 and the source of 
transistor 96, the gate and drain of transistor 96 being 
connected to ground. 
0027. The preferred embodiment may be used in clock 
Synthesis and other applications in which a high perfor 
mance digital interpolator is desired. 
0028. Although the present invention and its advantages 
have been described in detail, it should be understood that 
various changes, Substitutions and alterations can be made 
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herein without departing from the Spirit and Scope of the 
invention as defined by the appended claims. For example, 
although the preferred embodiment has been described in 
the context of a four stage delay to produce four Subdivided 
delays, the invention is not So limited. Any number of 
Subdivisions may be provided. In addition, other circuits and 
methods may be used to generate the mid-range Voltage 
V than those described above. Further, while tristate 
inverters are used as delay elements in the preferred embodi 
ment, other tristate delay elements may be used, as well. All 
Such variations and embodiments are considered within the 
scope of the invention, which should be limited only by the 
language of the claims appended hereto. 

What is claimed is: 
1. A digital delay interpolator adapted to receive a first 

clock signal and a Second clock signal, Said Second clock 
Signal having a transition at a time that is delayed with 
respect to the time of a transition of Said first clock signal, 
and to provide an output clock signal having a transition at 
a time intermediate the time of Said transition of Said first 
clock signal and the time of Said transition of Said Second 
clock signal, comprising: 

a first plurality of Selectively enabled delay circuits and a 
Second plurality of Selectively enabled delay circuits, 
Said first plurality of delay circuits having an input port 
being adapted to receive Said first clock signal, and Said 
Second plurality of delay circuits having an input port 
being adapted to receive Said Second clock signal, Said 
first plurality of delay circuits and Said Second plurality 
of delay circuits having outputs connected together to 
form the output of Said digital delay interpolator, each 
of Said delay circuits comprising 

a first delay buffer element adapted to receive one of Said 
first and Second clock signals, and being enabled by an 
enable Signal, 

a Second delay buffer element connected to the output of 
said first delay buffer, and being enabled by said enable 
Signal, and 

circuit means for providing a predetermined Voltage at the 
common connection point of Said first delay buffer and 
Said Second delay buffer when said first and Second 
delay buffers are not enabled. 

2. A digital delay interpolator adapted to receive a first 
clock signal and a Second clock signal, Said Second clock 
Signal having a transition at a time that is delayed with 
respect to the time of a transition of Said first clock signal, 
and to provide an output clock signal having a transition at 
a time intermediate the time of Said transition of Said first 
clock signal and the time of Said transition of Said Second 
clock signal, comprising: 

a first plurality of Selectively enabled delay circuits and a 
Second plurality of Selectively enabled delay circuits, 
Said first plurality of delay circuits having an input port 
being adapted to receive Said first clock signal, and Said 
Second plurality of delay circuits having an input port 
being adapted to receive Said Second clock Signal, Said 
first plurality of delay circuits and Said Second plurality 
of delay circuits having outputs connected together to 
form the output of Said digital delay interpolator, each 
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of Said delay circuits being powered by a power Supply 
having a pair of terminals and comprising 

first Selectively enabled delay element having an 
input port being adapted to receive Said first clock 
Signal, having an output port, and having an enable 
port for receiving an enable signal to enable Said first 
delay element when ON, 

a Second Selectively enabled delay element having an 
input port connected to Said output port of Said first 
delay element, having an output port connected to 
Said output of Said interpolator, and having an enable 
port for receiving Said enable signal to enable Said 
second delay element when ON, 

a Switch coupled between the common connection node 
of the output of Said first delay element and the input 
of Said Second delay element and a Voltage Source 
having a magnitude intermediate the Voltage level 
between said pair of terminals, and being adapted to 
be switched to an ON state when said enable signal 
is OFF. 

3. A digital delay interpolator according to claim 2, 
wherein each of Said Selectively enabled delay elements is a 
triState inverter. 

4. A digital delay interpolator according to claim 2, 
wherein Said Switch is a MOS transistor, having a gate 
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adapted to receive a signal inverse to Said enable Signal, and 
being connected between the common connection node of 
the output of Said first delay element and the input of Said 
Second delay element and Said intermediate magnitude Volt 
age Source by way of a drain and a Source. 

5. A tristatable element circuit being powered by a power 
Supply connected to a ground connection and having a 
Supply Voltage, comprising: 

a first tristatable circuit element having an input port, an 
output port and a tristate control port; 

a Second tristatable circuit element having an input port 
connected to the output port of Said first tristatable 
circuit element, an output port and a tristate control 
port; and 

a Switch coupled between the common connection node 
of the output of said first tristatable circuit element and 
the input of Said Second tristatable circuit element and 
a Voltage Source having a magnitude intermediate Said 
Supply Voltage and ground, and being adapted to be 
Switched to an ON state when said enable signal is OFF. 

6. A tristatable element circuit according to claim 5, 
wherein Said tristatable circuit elements are tristatable 
inverters. 


