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PHASE DOMAIN ANALOG TO DIGITAL 
CONVERTER 

FIELD OF THE INVENTION 

[0001] The invention pertains to analog to digital convert 
ers. 

BACKGROUND OF THE INVENTION 

[0002] There are a large number of different techniques for 
converting a continuously variable analog voltage into a 
quantized digital (e.g., binary) value. In most types of analog 
to digital converters, the full scale range of the analog input 
signal is quantized into one of 2” potential of binary values, 
Where n is the number of bits at the output of the analog to 
digital converter. 
[0003] US. Pat. No. 6,822,596 discloses an analog to digi 
tal converter that ?rst converts an input analog voltage into n 
different pulse trains, each having a phase angle that is dic 
tated by the input analog voltage, Where 2” is the resolution of 
the converter (i.e., there are 2” possible digital output values). 
All 2” input pulse trains have the same phase. The device 
further converts 2” different reference voltages into 2” refer 
ence pulse trains, each reference pulse train having a different 
phase angle. Each of the 2” input pulse trains is compared to 
one of the 2” reference pulse trains in one of 2 ” comparators. 
The outputs of the 2” comparators are supplied to 2” ?ip ?ops. 
In accordance With this scheme, x ?ips ?ops Will output a ?rst 
binary value (e.g., 0) and y ?ip ?ops Will output a second 
binary value (e.g., 1), Where x+y:2”. More particularly, the 
outputs of the x ?ip ?ops for Which the phase angle of the 
input pulse train lags the phase angle of the corresponding 
reference pulse train Will output a ?rst value (e.g., 0), While 
the y ?ip ?ops for Which the phase angle of the input pulse 
train leads the phase angle of the corresponding reference 
pulse train output a second value (e.g., l). The outputs of the 
2” ?ip ?ops are provided to a decoder that converts the 2” 
outputs to an n bit binary code. Such decoders are Well knoWn 
and commonly used in ?ash converters and the like. They 
often are constructed of relatively simple and fast combina 
torial logic components. 

SUMMARY OF THE INVENTION 

[0004] According to a ?rst aspect of the invention, a method 
of converting an analog input voltage into a digital value is 
provided comprising the steps of converting said analog input 
voltage into ?rst and second periodic signals having a phase 
difference there betWeen that is a function of said analog input 
voltage, introducing said ?rst periodic signal into a ?rst end of 
a ?rst consecutive series of delay elements to cause said ?rst 
periodic signal to propagate through said ?rst series of delay 
elements in a ?rst direction, introducing said second periodic 
signal into a second end of a second consecutive series of 
delay elements to cause said second periodic signal to propa 
gate through said second series of delay elements in a second 
direction opposite said ?rst direction, each said delay element 
in said ?rst series having a corresponding delay element in 
said second series, and each pair of corresponding delay 
elements herein termed a delay cell, determining a delay cell 
in Which a ?rst event in said ?rst periodic signal meets a 
second event in said second periodic signal, and generating a 
digital value based on said determination. 
[0005] In accordance With a second aspect of the invention, 
an analog to digital converter is provided for converting an 
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analog input voltage into a digital value comprising, at least 
one analog voltage to analog phase converter for receiving an 
analog input voltage and outputting a ?rst periodic signal 
having a phase difference relative to a second periodic signal, 
said that phase difference being a function of said analog 
input voltage, a chain of delay cells, each cell comprising a 
?rst delay element and a second delay element, each of said 
?rst delay elements coupled in series in a ?rst direction to 
form a ?rst direction data path, and each of said second delay 
elements coupled in series in a second, opposite direction to 
form a second direction data path, said ?rst periodic signal 
being coupled into said series of ?rst delay elements at a ?rst 
end of said chain and said second periodic signal being 
coupled into said series of second delay elements at a second 
end of said chain, each cell further comprising a storage 
element coupled to said ?rst and second delay elements of 
said corresponding cell so as to store a signal value on said 
?rst direction data path in said cell responsive to an event on 
said second direction data path in said cell, said storage ele 
ment providing at an output thereof said stored value, and a 
decoder having input terminals coupled to said outputs of said 
storage elements, said decoder adapted to convert said stored 
values into a digital number at its output. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] FIG. 1 is a block diagram of a differential analog to 
digital converter in accordance With a ?rst embodiment of the 
present invention. 
[0007] FIG. 2 is a timing diagram illustrating the propaga 
tion of signals through the sampling cells of the analog to 
digital converter of FIG. 1 for a ?rst exemplary input voltage. 
[0008] FIG. 3 is a timing diagram illustrating the propaga 
tion of signals through the sampling cells of the analog to 
digital converter of FIG. 1 for a second exemplary input 
voltage. 
[0009] FIG. 4 is a block diagram of a single-ended analog to 
digital converter in accordance With another embodiment of 
the present invention. 
[0010] FIG. 5 is a circuit diagram of one possible embodi 
ment of a circuit that can be implemented as the voltage to 
phase converter delay circuit in the analog to digital converter 
of FIG. 1. 
[0011] FIG. 6 is a circuit diagram of one possible embodi 
ment of a circuit that can be implemented as the sampling 
cells in the analog to digital converter of FIG. 1. 

DETAILED DESCRIPTION OF THE INVENTION 

[0012] FIG. 1 is a block diagram illustrating one embodi 
ment of an analog to digital converter 100 in accordance With 
the principles of the present invention. This analog to digital 
converter is illustrated as a differential converter, i.e., the 
input voltage is supplied as tWo, differential signals. This is 
merely exemplary, as the invention can be implemented in a 
single ended implementation in Which the input voltage is 
provided as a single signal relative to a reference voltage, such 
as the ground. As Will be discussed further beloW, FIG. 4 is a 
block diagram illustrating an embodiment similar to the 
embodiment of FIG. 1, except adapted for use in connection 
With a single-ended input voltage. 
[0013] In accordance With the embodiment of FIG. 1, the 
input voltage is supplied as tWo differential signals, Vin+ and 
Vin—. Vin+ is provided to the control input of a ?rst analog 
voltage-to-analog phase circuit 101. Vin- is supplied to the 
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control input of a second analog voltage-to-analog phase 
circuit 103. A clock 109 generates a regular, periodic signal, 
such as a square pulse train, and supplies it to the data inputs 
of circuits 101 and 103. Hence, the output, clk+, of the ?rst 
analog voltage-to-analog phase circuit 101 is delayed by a 
period dictated by the value ofVin+, While the output, clk—, of 
the second analog voltage-to-analog phase circuit is delayed 
by a period dictated by the value of Vin—. Although many and 
varied circuits are possible for effecting an analog voltage to 
analog phase conversion, FIG. 1 illustrates an exemplary 
embodiment in Which circuits 101 and 103 are delay circuits 
that delay the input clock pulse train by an amount (i.e., a 
phase angle) dictated by the voltage supplied to the central 
input (i.e., Vin+ or V1n—). The output of converter circuit 101 
is herein termed clk+ (because it has been imparted With a 
phase delay dictated by Vin+) and the output of converter 
circuit 103 is termed clk- (because it has been imparted With 
a phase delay dictated by Vin—). 
[0014] The signals clk+ and clk- are introduced into oppo 
site ends ofa chain 104 of sampling cells 1051, 1052, 1053, . 
. . , 1052”, is the resolution of the analog to digital converter or, 
in other Words, the converter 100 is an n bit converter. 

[0015] FIG. 1 shoWs the contents of three of the sampling 
cells. HoWever, it should be understood that all 2” of the 
sampling cells are essentially identical to each other, except 
possibly for minor variations that Will be discussed beloW in 
connection With FIG. 6, Which is a circuit diagram of one 
possible circuit implementation of the sampling cells. 
[0016] Each sampling cell 1051 through 1052” comprises a 
forWard chain delay element 111, a reverse chain delay ele 
ment 112, and a sampling circuit 113. The terms forWard and 
reverse are exemplary and are merely used to distinguish 
betWeen the tWo, opposing directions of propagation of sig 
nals through the chain 104, as Will be discussed beloW. Fur 
thermore, the tWo delay elements 111, 112 in a given sam 
pling cell may be referred to herein as a delay cell. In the 
embodiment shoWn in FIG. 1, the delay elements are active 
circuit components. For instance, they may be inverters. 
HoWever, as Will be discussed further beloW, the delay ele 
ments can be virtually any element that Will provide a knoWn 
propagation delay of the clock signals therethrough. Further 
more, the sampling circuit is shoWn as a latch 113. HoWever, 
this also is merely exemplary and other storage elements or 
other circuit components could be used as the sampling cir 
cuit, such as a ?ip-?op storage element. 
[0017] The output of the respective delay element 111 or 
112 in each sampling cell is delayed relative to the output of 
the corresponding delay element of the preceding sampling 
cell by the propagation delay, I, of that delay element. Note 
that the “preceding” sampling cell depends on the direction of 
the particular clock signal propagation through that cell. For 
instance, the “preceding” cell for forWard direction delay 
element 1112 of cell 1052 is cell 1051, Whereas the “preced 
ing” cell for reverse direction delay element 1122 of cell 1052 
is cell 1053. 
[0018] The clk+ signal introduced into delay element 1111 
of cell 1051 Will propagate through all of the sampling cells 
1051 through 1052”, in the forWard direction, With each sam 
pling cell delaying the clk+ signal by knoWn amount, "5. 
Therefore, collectively, the propagation delay through the 
sampling cell chain is "52”. Likewise, the clk- signal intro 
duced into delay element 1112” of cell 1052” Will propagate 
through all of the sampling cells 1052” through 1051, in the 
reverse direction, With each sampling cell delaying the clk 
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signal by knoWn amount, "5. Therefore, collectively, the 
propagation delay through the sampling cell chain in the 
reverse direction also is "52”. Each sampling cell further 
includes a sampling circuit, such as a latch 113 1 through 
1132”. One of the clk+ and clk- signals in the corresponding 
cell is tapped and provided to the clock input of the corre 
sponding latch 113, While the other of the clk+ and clk 
signals is provided to the data input of that latch 113. In the 
embodiment illustrated in FIG. 1, the output of the forWard 
direction delay element 111 is used as the data input and the 
input of the reverse direction delay element 112 is used as the 
clock input. HoWever, this is merely exemplary as the output 
of the reverse direction delay element 112 could just as 
readily be used as the data input and the input of the forWard 
direction delay element 111 could be used as the clock input 
Without changing the operation of the device (along With 
other slight modi?cations), as long as all of the cells 105 are 
consistent With each other. 
[0019] The decoding logic 107 may comprise combinato 
rial logic for resolving the 2” input values from the 2” latches 
into an n bit binary code similarly to conventional decoders 
commonly used in ?ash converters. 
[0020] FIGS. 2A through 2C are timing diagrams that help 
illustrate the operation of the circuit of FIG. 1. The top line 
201 in each of FIGS. 2A-2C shoWs the value of the clk+ signal 
and the bottom line 203 shoWs the value of the clk- signal. In 
the horiZontal direction, each block corresponds to one of the 
sampling cells 105 in the sampling cell chain 104. The binary 
numerical value that Will be latched by the latch in the corre 
sponding cell is shoWn in line 205 of each ?gure. 
[0021] For purposes of this example, We shall assume that 
the latches 113 are rising edge activated latches. HoWever, it 
should be understood that this is merely exemplary. Finally, in 
the example illustrated by FIGS. 2A-2C, the sampling chain 
is 16 cells in length. Accordingly, this exemplary embodiment 
is a four bit analog to digital converter, i.e., n:4 such that 
2”:l 6. 
[0022] FIGS. 2A-2C illustrate the condition of the sam 
pling cell chain at different times for the same single time 
sample of the input analog signal. Furthermore, in FIGS. 
2A-2C, the exemplary input analog signal is Vin+:Vin—. 
More particularly, FIG. 2A illustrates the condition of the 
sampling cell chain at time t:0.5'c, or, in other Words, imme 
diately after an analog input sample enters the chain. FIG. 2B 
illustrates the condition of the sampling cell chain at time 
t:8'c. Finally, FIG. 2C illustrates the condition of the sam 
pling cell chain at time t:l6'c. 
[0023] Since Vin+:Vin—, the leading edge in the forWard 
direction and the leading edge in the reverse direction enter 
the opposite ends of the chain at the same time. Accordingly, 
at the time t:0.5"c illustrated in FIG. 2A immediately after the 
leading edge of clk+, enters cell 1051, the output of latch 113 1 
remains at Whatever value it had latched With respect to the 
preceding analog input time sample (represented in the ?g 
ures as a question mark). This is because the clk+ signal is 
provided to the data input terminal of the latch (While the clk 
signal is provided to the clock input terminal of the latch). 
Hence, only a transition in clk- can cause any latch 113 to 
latch the data at its input. Any transition in clk+ that appears 
at the data input terminal of a latch 113 Will not shoW up at the 
output of that latch until a transition in clk- reaches that latch 
and causes that latch to latch the data presented at its input. 
[0024] On the other hand, latch 1132” at the opposite end of 
the sampling cell chain latches a 0 because clk- is coupled to 
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the clock input of the latch 1132”, causing latch 1132” to latch 
the data presented at its input at the time the transition in clk 
reaches cell 1052”, and, as can be seen from clk+ line 201, that 
data is 0 at time, t:0.5"c. 
[0025] The values latched (i.e., output) by latches 1132 
through 1132»_l also are shoWn as question marks because 
their values also Would be Whatever value they had latched 
With respect to the preceding analog input time sample. 
[0026] As the leading edges of the clk+ and clk- signals 
propagate through the chain 104 in opposite directions, the 
clk- signal Will leave a trail of 0s behind it, While the clk+ 
signal Will continue to have no effect on the condition of the 
output of the latches. This situation Will persist until the single 
particular cell in Which the leading edge of clk+ and the 
leading edge of clk- meet (Which Would be cell 1058 in this 
example and Which Would occur at time t:8'c because, in this 
example, Vin+:Vin—). The condition of the cell chain at this 
time t:8'c is illustrated in FIG. 2B. In cell 1058, as in all other 
cells, the corresponding latch Will latch the data on clk+ When 
the latch is activated to latch by the leading edge of clk—. 
HoWever, in that latch, the data on the clk+ line 201 is noW a 
1, not a 0, because the leading edge on clk+ reached that cell 
at or before the time the leading edge on the clk- on line 203 
reaches that cell. (Note that tapping the clk- signal after the 
delay element 112, While tapping the clk+ signal before the 
delay element 111 assures that the leading edge on clk+ 201 
reaches that cell before the time the leading edge on the clk 
line 203 reaches that cell.) 
[0027] From this point in time (i.e., t:8"c) forward, as the 
leading edge of clk- in the reverse direction reaches succeed 
ing cells, 1057, 1056, 1054, . . . , 1051, the corresponding 
latches Will latch ls, rather than 0s. Thus, as can be seen in 
FIG. 2C, Which illustrates the condition of the cell chain at 
time tIl 6'5, When the leading edges of the pulses on clk+ and 
clk- have both completely propagated through the chain 104, 
the outputs of the latches collectively comprise a series of 
consecutive ls folloWed by a series of consecutive 0s, 
Wherein the tWo adjacent cells for Which the corresponding 
latch outputs are different values (i.e., l, 0 or 0, l) uniquely 
identi?es the relative delays of clk+ and clk- the voltage of 
the analog input signal at the particular sampling instant, tIO. 
[0028] Thus, the 2” latch outputs are fed into decoding logic 
107 that converts that data into an n bit binary output signal, 
Which is the output of the analog to digital converter. Such 
decoders are knoWn in the art. For instance, similar types of 
decoders for decoding 2” input signals into an ambient binary 
output signal are commonly used in a ?ash analog to digital 
converters. 

[0029] FIGS. 3A-3C are timing diagrams essentially iden 
tical to FIGS. 2A-2C, respectively, except that they illustrate 
the condition of the cell chain in response to a different analog 
input voltage, namely, an analog input voltage in Which Vin+ 
<V1n- (exact values are not necessary for present purposes of 
illustration). As Was the case With respect to FIGS. 2A-2C, 
FIG. 3A shoWs the condition of the chain at time t:0.5 '5, FIG. 
3B shoWs the condition of the chain at time t:8'c, and FIG. 3C 
shoWs the condition of the chain at the time tIl 6'5. As can be 
seen from the Figures, operation is essentially the same as 
illustrated in FIGS. 2A-2C, except that the leading edges of 
clk+ and clk- meet simultaneously in a different cell. Particu 
larly, since Vin+<Vin-, clk+ is delayed less than clk—, the 
leading edge of clk+ 201 Will enter the chain earlier than the 
leading edge of clk- 203 thereby causing the counter-propa 
gating leading edges to meet closer to the right end of the 
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chain 104 than the left end of the chain. In this particular 
example, they meet in cell 10512, Which again uniquely iden 
ti?es the values of Vin+ and Vin—. 
[0030] In the illustrated example, delays 112 are tapped at 
their outputs in the cells, Whereas delays 111 are tapped at 
their inputs. This is merely exemplary. Both delay elements 
111 and 112 can be tapped at their inputs, both could be 
tapped at their outputs, or delay elements 111 may be tapped 
at their outputs and delay elements 112 may be tapped at their 
inputs. It Will be apparent to those skilled in the related arts 
that, the chosen option Will dictate a built-in bias in the 2” 
outputs from the cells, but Will not affect the basic principles 
upon Which the operation of the circuit is based. That is, the 
locations of the taps Will determine, for any given input ana 
log voltage, Whether the transition from 0 to 1 Will occur in a 
particular cell in the chain, e. g., 105y, or the next or previous 
cell in the chain, 105y+1 or 105y_ 1. 
[0031] For instance, in the embodiment illustrated in FIG. 
1, the inputs of the forWard direction delay elements 111 are 
tapped and input into the data input terminals of the latches 
113 and the outputs of the reverse direction delay elements 
112 are tapped and input into the clock terminals of the 
latches 113. As such, the clock signal that is provided to the 
clock input of the latch (clk- in FIG. 1) Will be delayed one 
more period, "5, than the clock signal that is provided to the 
data input of the latch (clk+ in FIG. 1). This Will ensure that 
the latch in the cell 105 in Which the leading edge of the clock 
pulse that controls the latch 113 to latch data (e. g., clk—) meets 
the leading edge of the clock pulse that comprises the data that 
Will be latched by the latch (e.g., clk+), Will latch the value at 
its data input after the transition at its data input and not before 
the transition. If, on the other hand, the outputs of the forWard 
direction delay elements 111 Were tapped and input into the 
data input terminals of the latches 113 and the inputs of the 
reverse direction delay elements 112 Were tapped and input 
into the clock terminals of the latches 113, the clock signal 
that is provided to the clock input of the latch (clk- in FIG. 1) 
Will be delayed one less period, "5, than the clock signal that is 
provided to the data input of the latch (clk+ in FIG. 1). This 
Would ensure that, When the leading edge of the clock pulse 
that controls the latch 113 to latch data (e.g., clk—) meets the 
leading edge of the clock pulse that comprises the data that 
Will be latched by the latch (e.g., clk+) in the one particular 
cell, the latch Will latch the value at its data input before the 
transition at its data input and not before the transition. 
[0032] Hence for a given analog input voltage, in the ?rst 
embodiment illustrated by FIG. 1, the transition Would occur, 
for instance in cell 105y, Whereas, in the second embodiment, 
the transition Would occur in cell 105y+ 1. As long as the 
built-in bias is understood and factored into the conversion 
performed by the decoding logic 107, any set of connections 
can be accommodated. 

[0033] Note that, With respect to some connection para 
digms, such as the second embodiment discussed in the 
immediately preceding paragraphs, there Would need to be 
one more cell, i.e., 2”+l cells, in order to provide for the 
described offset (or bias) by one cell. 
[0034] In even other embodiments, a small delay may be 
added to the clock signal that is coupled to the clock input 
terminals of the latches outside of and preceding the cell 
chain. 
[0035] In the examples provided above, the period of the 
sampling clock, i.e., the time betWeen leading edges of con 
secutive pulses, is the sampling rate of the analog to digital 
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converter. In the illustrated example, the sampling clock 109 
has a 50% duty cycle and a period at least tWice the collective 
delay through the entire sampling cell chain (i.e., clock period 
22”"5). This Will ensure that there Will be only one edge 
transition (e.g., leading edge of a clock pulse) in each direc 
tion inside the sampling cell chain 104 at any given instant. 
This is not a necessary limitation of the inventive apparatus, 
but is employed in this exemplary embodiment in order to 
simplify the explanation of the operation of the inventive 
circuit. Particularly, as Will become clear from the discussion 
beloW, the particular cell in Which the forWard propagating 
leading edge of clk+ and the reverse propagating leading edge 
of clk- meet simultaneously dictates the digital value that Will 
be provided at the output of the analog to digital converter for 
that time sample. Thus, With this limitation, it is assured that 
there Will be only one time sample in the sampling cell chain 
at any given instant. This is not necessary and it is possible for 
there to be tWo or more time samples in the sampling cell 
chain at any given instant; hoWever, the decoding logic 107 
Would need to be more complex in order to keep track of 
Which edge corresponds to Which time sample. 
[0036] FIG. 4 illustrates an alternative embodiment of the 
invention. This embodiment corresponds essentially to the 
particular embodiment illustrated by FIG. 1, except that it is 
a single ended embodiment, rather than a differential embodi 
ment. Note that the only signi?cant difference betWeen the 
embodiments of FIGS. 1 and 4 is that the input to the second 
delay element 103 is a reference voltage, Vref, rather than 
Vin—. In a further alternative embodiment, the second delay 
element 103 may be completely eliminated and the clock 119 
fed directly into the second end of the chain. 
[0037] FIG. 5 is a circuit diagram of one exemplary circuit 
that can be used as voltage-to-phase converters 101 or 103. 
Converters 101, 103 are the circuit components that essen 
tially convert the analog input voltage into an analog phase 
signal by means of delaying the sampling clock 109 by an 
amount proportional to the value of the input voltage. The 
voltage-to-phase converter of FIG. 5 comprises a ?rst inverter 
501 folloWed by a variable capacitor 503 further folloWed by 
a second inverter 505 and ?nally folloWed by a second vari 
able capacitor 507. The output of the sample clock 109 is 
provided to the input of the ?rst inverter 501. The output of the 
?rst inverter is provided to the input of the second inverter 
505. The top plate of the ?rst variable capacitor 503 is coupled 
to the path betWeen the tWo inverters 501,505 While its bottom 
plate is coupled to the corresponding input voltage signal, 
e.g., V1n+ or V1n—, as the case may be. The output of the 
second inverter 505 the delayed clock signal clk+ or clk- is 
that coupled into the sampling cell chain. 
[0038] In operation, the variable capacitors 503,507 pro 
vide greater capacitance When the voltage provided on their 
loWer plates are loWer. Accordingly, the inverter 501 or 505 
feeding the top plate of the capacitor sees a larger load and, 
hence, its propagation delay is longer. 
[0039] There are tWo inverters and tWo variable capacitors 
coupled in series in the preferred embodiment illustrated by 
FIG. 5. This is because variable capacitors generally have a 
linear function of capacitance versus voltage across the 
capacitor. HoWever, the delay of an inverter generally is an 
exponential function of the load. Accordingly, using only a 
single inverter and a single variable capacitor Will cause the 
delay of the circuit 101, 103 to be an exponential function of 
the analog input voltage, Whereas it should preferably be a 
linear function. Providing tWo such circuits in series, hoW 
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ever, Will cause the overall delay to have an S curve shape as 
a function of the input voltage, Which much more closely 
approximates the desired linear relationship. 
[0040] FIG. 5 shoWs merely one potential embodiment of 
the voltage-to-phase conversion circuitry. Many other possi 
bilities exist. One advantage of the particular embodiment 
illustrated in FIG. 5 is that it has a rail-to-rail analog input 
range, (i.e., the entire voltage range betWeen the tWo voltage 
rails). 
[0041] FIG. 6 is a circuit diagram illustrating one exem 
plary circuit that can be used for the sampling cells 6051, 
through 6052”. FIG. 6 illustrates a differential embodiment of 
the cells, as in the FIG. 1 embodiment, in Which the input into 
the cell chain in the forWard direction (left to right in FIG. 6) 
is a positive clock, clk+, and the input in the reverse direction 
(right to left in FIG. 6) is a negative clock, clk—. In this 
particular embodiment, every other sampling cell is identical, 
but each pair of adj acent cells are slightly different from each 
other. Particularly, similarly to FIG. 1, FIG. 6 shoWs that each 
sampling cell comprises a forWard direction delay element, in 
this case an inverter 6111,6112, 6113, etc., a reverse direction 
inverter 6121, 6122, 1123, and a latch 6131,6132, 6133, etc. 
The latch 6131 in the ?rst cell 605, and every alternate cell 
thereafter, e.g., 6053, 6055, 6057, etc. is a NOR RS latch, 
While the latch 6132 in the second cell 6052 and every alter 
nate cell thereafter, e.g., 6054, 6056, 6058, etc. is a NAND RS 
latch. 
[0042] The reason the latches 613 in consecutive cells alter 
nate betWeen NOR and NAND latches is because the delay 
element in each cell is an inverter. As a result, the counter 
propagating clock signals get inverted every cell. Hence, ris 
ing edges become falling edges and vice versa and high data 
values become loW data values and vice versa for every cell 
the signals propagate through. This reversal of data values 
each cell should be addressed in the design to assure that the 
2” outputs of the cells are correctly converted into a n bit value 
by the decoding logic 607. One simple Way to address it is to 
use a NOR latch in the odd cells, 6051, 6053, 6055, etc, and a 
NAND latch in the even cells, 6052, 6054, 6056, etc. such that 
all of the latches latch the data at their data input terminals 
responsive to the same polarity edge and that all of the latches 
latch data of consistent polarity. 
[0043] In embodiments for Which the delay element does 
not invert the signal, this is not an issue. Furthermore, numer 
ous other possible techniques and circuitry for solving the 
aforementioned issue should be apparent to persons of skill in 
the art. 

[0044] As should be apparent from the discussion above, 
the delay elements do not need to be inverters and can be any 
circuit component that has a knoWn, uniform propagation 
delay. An inverter is a particularly suitable choice for several 
reasons. First, it is simple, loW cost, and has a very short 
propagation delay, I. The propagation delay, '5, essentially 
dictates the maximum sampling frequency of the analog to 
digital converter. Accordingly, the shorter the propagation 
delay, I, the faster the analog to digital converter. For 
example, in a simple embodiment of the invention in Which 
only a single sample of the input voltage is permitted in the 
sampling cell chain at any given time, the maximum alloW 
able sampling rate of the converter Will be 2”"5, since this is the 
total propagation time of an edge through the entire chain. 
Also note that "c is the digital resolution of the system. 
[0045] Of course, in theory, by implementing more sophis 
ticated decoding logic 107, it should be possible, if desired, to 
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permit more than one input voltage sample to propagate 
through the chain 105 at any given instant. Particularly, the 
only information that the decoding logic needs in order to 
determine the value of a given input voltage sample is the 
location of the tWo adjacent sampling cells that output differ 
ent values (e.g., l and 0). More sophisticated decoding cir 
cuitry can be designed to distinguish and keep track of mul 
tiple sets of counter-propagating edges. 
[0046] Some of the advantages of an analog to digital con 
ver‘ter in accordance With the principles of the present inven 
tion include extremely loW poWer consumption. Speci?cally, 
poWer consumption is estimated to be beloW 0.5 pico joules 
per conversion step for a 40 MHZ, eight-bit converter. PoWer 
consumption is particularly loW if the invention is imple 
mented in CMOS circuitry because the inverters and latches 
draW poWer only during transitions. PoWer consumption is so 
loW because, at any given instant, a maximum of only tWo 
inverters and one latch can be transitioning. Also, the quan 
tiZation through the cell chain is extremely linear. Further 
more, because the sampling cells are purely digital, it is 
possible to run them at a much loWer voltage than the tech 
nology voltage (for example 3.3 volts for CMOS). Doing so, 
hoWever, may require sloWer sampling rates. Size, poWer, and 
sample rates in the illustrated embodiments each are linear 
functions of the number of cells (and are thus exponential 
functions of the number of output bits of the converter). Even 
further, the resolution of the converter is made insensitive to 
clock jitter if the same polarity edge is used in both directions 
in the cell chain. 

[0047] In alternative embodiments, use of passive delay 
elements rather than active delay elements should permit even 
smaller values for "5, Which Would permit faster sampling rates 
and greater resolution since the permissible sampling rate is a 
function of 2”"5, as previously explained, and "c de?nes the 
digital resolution of the system. Any reasonable LC circuit 
component could be used as a passive delay element in con 
nection With the present invention. In one particular alterna 
tive embodiment utiliZing passive delay elements, the delay 
element in each direction throughout the entire chain collec 
tively comprises a single continuous transmission line, in 
Which the delay element of each cell comprises a short portion 
thereof (all of the cells have a length of the transmission line 
therein). The transmission line Would simply be tapped in 
each sampling cell and provided to the appropriate terminal of 
the latch in that sampling cell. 
[0048] The delay for each cell should be equal only if the 
desired resolution of the analog to digital converter is 
intended to be linear. Analog-to-digital converters that do not 
have linear resolutions are Well knoWn. Particularly, many 
analog-to-digital converters have higher resolution in the 
middle of their full-scale ranges than near the ends. In such 
circumstances, analog-to-digital converters in accordance 
With the present invention can be implemented such that the 
sampling cells near the middle of the sampling cell chain have 
smaller values of '5 than the sampling cells near the ends of the 
sampling cell chain. 
[0049] Having thus described a feW particular embodi 
ments of the invention, various alterations, modi?cations, and 
improvements Will readily occur to those skilled in the art. 
Such alterations, modi?cations, and improvements as are 
made obvious by this disclosure are intended to be part of this 
description though not expressly stated herein, and are 
intended to be Within the spirit and scope of the invention. 
Accordingly, the foregoing description is by Way of example 
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only, and not limiting. The invention is limited only as de?ned 
in the folloWing claims and equivalents thereto. 

1. A method of converting an analog input voltage into a 
digital value comprising the steps of: 

converting said analog input voltage into ?rst and second 
periodic signals having a phase difference there betWeen 
that is a function of said analog input voltage; 

introducing said ?rst periodic signal into a ?rst end of a ?rst 
consecutive series of delay elements to cause said ?rst 
periodic signal to propagate through said ?rst series of 
delay elements in a ?rst direction; 

introducing said second periodic signal into a second end 
of a second consecutive series of delay elements to cause 
said second periodic signal to propagate through said 
second series of delay elements in a second direction 
opposite said ?rst direction, each said delay element in 
said ?rst series having a corresponding delay element in 
said second series, and each pair of corresponding delay 
elements herein termed a delay cell; 

determining a delay cell in Which a ?rst event in said ?rst 
periodic signal meets a second event in said second 
periodic signal; and 

generating a digital value based on said determination. 
2. The method of a claim 1 Wherein said determining step 

comprises determining in Which delay cell said ?rst event and 
said second event meet. 

3. The method of claim 2 Wherein said determining step 
further comprises: 

detecting in each cell said ?rst event; and 
responsive to detection of said ?rst event in a particular 

cell, sampling said second periodic signal in said par 
ticular cell to determine if said second event has 
occurred in said particular cell. 

4. The method of claim 3 Wherein said determining step 
comprises latching said second periodic signal responsive to 
said detection of said ?rst event. 

5. The method of claim 4 Wherein said detection of said ?rst 
event in each said cell is performed after said delay element of 
said cell of said ?rst series of delay elements and Wherein said 
sampling of said second periodic signal is performed before 
said delay element of said second series of delay elements of 
said cell. 

6. The method of claim 3 Wherein said generating step 
comprises transforming said samples collected from said plu 
rality of cells into a binary number. 

7. The method of claim 1 Wherein all of said delay elements 
in said ?rst series of delay elements and said second series of 
delay elements provide an equal amount of delay. 

8. The method of claim 1 Wherein said converting step 
comprises: 

providing tWo identical periodic reference signals; 
delaying one of said reference signals relative to the other 

of said reference signals an amount proportional to said 
input analog voltage. 

9. The method of claim 1 Wherein said ?rst periodic signal 
comprises a ?rst pulse train, said second periodic signal com 
prises a second pulse train, said ?rst event comprises a tran 
sition edge of a pulse in said ?rst pulse train, and said second 
event comprises a transition edge of a pulse in said second 
pulse train. 

10. The method of claim 9 Wherein said ?rst pulse train and 
said second pulse train have periods greater than or equal to a 
total delay through said plurality of delay cells. 
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11. An analog to digital converter for converting an analog 
input voltage into a digital value comprising: 

at least one analog voltage to analog phase converter for 
receiving an analog input voltage and outputting a ?rst 
periodic signal having a phase difference relative to a 
second periodic signal, said that phase difference being 
a function of said analog input voltage; 

a chain of sampling cells, each cell comprising a ?rst delay 
element and a second delay element, each of said ?rst 
delay elements coupled in series in a ?rst direction to 
form a ?rst direction data path, and each of said second 
delay elements coupled in series in a second, opposite 
direction to form a second direction data path, said ?rst 
periodic signal being coupled into said series of ?rst 
delay elements at a ?rst end of said chain and said second 
periodic signal being coupled into said series of second 
delay elements at a second end of said chain; 

each cell further comprising a storage element coupled to 
said ?rst and second delay elements of said correspond 
ing cell so as to store a signal value on said ?rst direction 
data path in said cell responsive to an event on said 
second direction data path in said cell, said storage ele 
ment providing at an output thereof said stored value; 
and 

a decoder having input terminals coupled to said outputs of 
said storage elements, said decoder adapted to convert 
said stored values into a digital number at its output. 

12. The analog to digital converter of claim 11 Wherein said 
analog voltage to analog phase converter comprises: 

a source of a periodic signal; 
a ?rst voltage controlled delay element having a data input 

terminal coupled to said periodic signal, a control input 
coupled to said analog input voltage, and an output ter 
minal coupled to one of said ?rst and second ends of said 
chain. 

13. The analog to digital converter of claim 12 Wherein said 
?rst voltage controlled delay element comprises: 

a ?rst inverter having a data input terminal coupled to said 
periodic signal and an output terminal; 

a ?rst variable capacitor comprising a ?rst plate and a 
second plate, said ?rst plate being coupled to said output 
terminal of said ?rst inverter and said second plate 
coupled to said analog input voltage; 

a second inverter having a data input terminal coupled to 
said output terminal of said ?rst inverter and said ?rst 
plate of said ?rst variable capacitor; 

a second variable capacitor comprising a ?rst plate and a 
second plate, said ?rst plate being coupled to said output 
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terminal of said second inverter and said second plate 
coupled to said one end of said chain. 

14. The analog to digital converter of claim 11 Wherein said 
chain comprises 2” cells and said decoder converts said 2” 
stored values into an n bit binary number. 

15. The analog to digital converter of claim 11 Wherein 
each delay element comprises an inverter. 

16. The analog to digital converter of claim 11 Wherein, in 
each cell, said ?rst delay element comprises a ?rst inverter 
having an input terminal and an output terminal in said ?rst 
direction data path, said second delay element comprises a 
second inverter having an input terminal and an output termi 
nal in said second direction data path, and said storage ele 
ments comprises a data input terminal and a clock terminal, 
said storage element adapted to store and output a value 
presented at its data input terminal responsive to a transition 
at its clock terminal, and Wherein said data input terminal of 
said storage element is coupled to said ?rst data path in said 
corresponding cell and said clock terminal of said storage 
element is coupled to said second data path in said corre 
sponding cell. 

17. The analog to digital converter of claim 16 Wherein said 
clock terminal of said storage element is coupled to said 
second data path at said output terminal of said second 
inverter and Wherein said data input terminal of said storage 
element is coupled to said ?rst data path at said input terminal 
of said ?rst inverter. 

18. The analog to digital converter of claim 11 Wherein 
each delay element comprises a passive delay element. 

19. The analog to digital converter of claim 18 Wherein said 
?rst direction data path comprises a ?rst transmission line, 
each cell comprising a portion of said ?rst transmission line, 
and Wherein said second direction data path comprises a 
second transmission line, each cell comprising a portion of 
said second transmission line. 

20. The analog to digital converter of claim 19 Wherein said 
storage element is a latch. 

21. The analog to digital converter of claim 19 Wherein said 
storage element is a ?ip ?op. 

22. (canceled) 
22. The analog to digital converter of claim 12 Wherein said 

periodic signal comprises a pulse train and said event on said 
second direction data path comprises a transition edge of a 
pulse. 

23. The method of claim 22 Wherein said pulses of said 
pulse train have a period greater than or equal to a total delay 
through said plurality of sampling cells. 

* * * * * 


