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TIME INTERPOLATOR CIRCUIT 

TECHNICAL FIELD 

The disclosure is related to time interpolator circuits. 

BACKGROUND 

A time interpolator circuit increases the resolution and 
accuracy of time measurements beyond the limits of digital 
circuits. Time interpolators are commonly used in frequency 
counters, which are instruments that measure the number of 
cycles of a repetitive signal per second. In a typical reciprocal 
frequency counter, a digital circuit counts the number of 
electronic clock pulses that occur per cycle of a signal to be 
measured. The frequency is then proportional to the recipro 
cal of this number. In actual practice most frequency counters 
count the number of clock pulses that occur during a large 
number of signal cycles. Thus the counter may start counting 
clock pulses at one cycle of the signal and stop millions of 
signal cycles later. 
As an example, Suppose that a frequency counter has a 

clock that runs at 10 MHz and the signal to be measured has 
a frequency of roughly 1 GHz. The counter begins counting 
clock pulses at one signal cycle and stops 100 million signal 
cycles later. Suppose that 999.437 clock pulses are counted 
between the first and 100 millionth signal cycles. This result 
means that the frequency of the nominally 1 GHZ signal is 
actually about 1.000563 GHZ (100 million signal cycles 
divided by 0.0999437 seconds). It may not be exactly 
1.000563 GHZ, however, because the time between the first 
signal cycle and the first clock pulse, and the time between the 
last signal cycle and the last clock pulse, haven’t been mea 
Sured. A time interpolator is a circuit that accounts for these 
fractional times to improve measurement accuracy. 
An early time interpolator circuit example is described in 

“Electronic interpolating counter for the time interval and 
frequency measurement' by Bagley and Brooksby (U.S. Pat. 
No. 3,133,189), and numerous variations and improvements 
have followed. Many interpolators rely on the charging char 
acteristics of a capacitor connected to a current source. The 
Voltage across Such a capacitor is: 

where V is the voltage, C is the capacitance and I is the current 
flowing into the capacitor. If I is constant, as is the case with 
a good quality current Source, then: 

Thus, the Voltage across the capacitor is directly proportional 
to the time during which current is allowed to flow into it. 
Furthermore, this voltage can be measured quite accurately 
and precisely with an analog-to-digital converter. 

Despite the long history of interpolator circuits, room for 
improvements exists. Thus what is needed is a simple, accu 
rate interpolator circuit appropriate for modern frequency 
counters and similar devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of a time interpolator circuit. 
FIG. 2 is a timing diagram for various signals in the circuit 

of FIG. 1. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
FIG. 3 is a block diagram of a frequency counter incorpo 

rating the time interpolator circuit of FIG. 1. 

DETAILED DESCRIPTION 

The time interpolator circuit described below provides 
good performance in frequency counters and other instru 
ments. It is simple, inexpensive and easily interfaced to digital 
circuits. 

FIG. 1 is a schematic diagram of a time interpolator circuit 
100. In FIG. 1, current source 105 is connected to first circuit 
node 160, diode 110 is connected between first circuit node 
160 and second circuit node 165, and capacitor 115 is con 
nected between second circuit node 165 and ground 135. 
Logic circuit 120 contains switches 125 and 130 which are 
used to connect circuit nodes 160 and 165, respectively, to 
ground at various times. Switches 125 and 130 may be imple 
mented as field effect transistors (FET) in a low-voltage logic 
chip, for example. Buffer amplifier 140, which may be imple 
mented as an op-amp, is connected to circuit node 165. The 
amplifier presents high impedance to circuit node 165 and, 
along with feedback network resistors 145 and 150, scales the 
Voltage at the node for input to analog-to-digital converter 
(ADC) 155. The digital output of the ADC is represented by 
lines 157. 
Time is converted to voltage in the circuit of FIG. 1 through 

the charging of capacitor 115 by current source 105. Switch 
125 is used to start and stop the charging, and switch 130 is 
used to discharge the capacitor after a measurement has been 
made. Diode 110 prevents the capacitor from discharging 
through switch 125 when that switch is on. The high-imped 
ance input of buffer amplifier 140 allows the voltage across 
capacitor 115 (i.e. the voltage between circuit node 165 and 
ground) to be measured without discharging the capacitor. 
ADC 155 converts this voltage to digital form for further 
processing. Thus another name for the circuit of FIG. 1 is time 
to digital converter. 

Buffer amplifier 140 and its feedback network resistors 
145, 150 are not required if ADC 155 is able to directly 
measure the Voltage across capacitor 115 without discharging 
it. In other words, the voltage measurement should not affect 
the capacitor Voltage by more than the precision needed in a 
particular interpolation application. Whether or not a buffer 
amplifier is necessary depends on the input characteristics of 
the ADC. 
The operation of the circuit of FIG.1 may be understood in 

more detail by referring to FIG. 2 which is a timing diagram 
for various signals in the circuit. FIG. 2 illustrates the timing 
of a current gate signal, capacitor Voltage ramp, and reset 
signal. The current gate signal shows when capacitor 115 is 
charging. When the current gate signal is Zero current flows 
from current source 105 through switch 125 to ground. When 
the current gate signal is V, switch 125 is off (i.e. non 
conducting) and current flows from current source 105 
through diode 110 and into capacitor 115. 
The capacitor Voltage ramp shows the Voltage across 

capacitor 115. The capacitor charges linearly with time when 
the current gate signal is V and stops charging when the 
current gate signal is Zero. The Voltage drop across diode 110 
prevents capacitor 115 from charging when switch 125 is 
turned on. In other words the Voltage drop across the diode is 
greater than the resistance of Switch 125 in its conducting 
state multiplied by the current supplied by current source 105. 
The reset signal shows when capacitor 115 is discharging. 

When the reset signal is V circuit node 165 is connected to 
ground through switch 130 and capacitor 115 discharges. 
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When the reset signal is zero, switch 130 is off (i.e. non 
conducting) and the capacitor may charge depending on the 
State of Switch 125. 
The circuit of FIG. 1 measures the time during which a 

current gate is open. In FIG. 2, this means the time that the 
current gate signal is V (e.g. between times t and t). Thus 
switch 125 controls the interpolation interval. Buffer ampli 
fier 140 and ADC 155 measure the voltage across capacitor 
115 after the end of the interpolation interval. Switch 130 
resets the Voltage to Zero in preparation for the next measure 
ment. Diode 110 prevents undesired charging and discharg 
ing of the capacitor. 

At time t in FIG. 2 the current gate signal changes from 
Zero to V. Switch 125 opens and therefore current from 
current source 105 flows through diode 110 and charges 
capacitor 115. From time t to time t, the Voltage across 
capacitor 115 (i.e. the voltage between circuit node 165 and 
ground) increases linearly with time as indicated by the 
capacitor Voltage ramp. At time t the Voltage across the 
capacitor has reached V which is proportional to the elapsed 
time between t and t: 

V = ()(t. - i) 

where I is the current supplied by current source 105 and C is 
the capacitance of capacitor 115. 

This Voltage remains constant and is available to be mea 
sured by buffer amplifier 140 and ADC 155 from time t, until 
timets. At timets the reset signal changes from Zero to V and 
switch 130 turns on, connecting circuit node 165 to ground 
and discharging capacitor 115. The Voltage across the capaci 
tor rapidly decays to zero. Sometime before the next interpo 
lation interval begins the reset signal changes back to Zero at 
time t and the circuit is returned to the state it was in just 
before time t. A new interpolation interval starts at time ts. 

The time interpolator circuit of FIG.1 may be incorporated 
into a frequency counter, time interval counter or other device 
that relies on time measurement such as a LIDAR transceiver. 
As an example, FIG. 3 is a block diagram of a frequency 
counter 300 incorporating the time interpolator circuit of FIG. 
1. The frequency counter of FIG. 3 is conventional except for 
time interpolator circuit 100. 

In FIG. 3 signals introduced at input 305 travel through 
signal conditioner 310 and comparator 320 before being input 
to count synchronization logic 330. Signal conditioner 310 
may include signal protection, automatic gain control, 
AC/DC coupling and filters while comparator 320 compares 
an input signal to reference level 325. Count synchronization 
logic 330 also receives signals from reference clock 315 and 
start/stop control from microprocessor 345. The count syn 
chronization logic sends output signals to event counter 335. 
time counter 340 and interpolator 100. Microprocessor 345 
receives digital input from the two counters and the interpo 
lator and sends digital output to an optional display 350. 

Event counter 335 counts input events, e.g. pulses or cycles 
from input 305. Time counter counts clock events, e.g. pulses 
from an internal clock or reference clock 315. The counters 
send their results as digital data to microprocessor 345. Inter 
polator 100 is started and stopped by the count synchroniza 
tion logic via switches 125 and 130 as described above. The 
interpolator also sends its digital results via output 157 to 
microprocessor 345 which carries out the necessary calcula 
tions to estimate the frequency of a signal at input 305. Inter 
polator 100 may interpolate between clock pulses at the 
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4 
beginning and end of a counting interval. The results of a 
frequency measurement may be displayed by display 350. 
As another example, interpolator circuit 100 of FIG.1 may 

be substituted for a conventional interpolator in a time inter 
Val counter in much the same way that the circuit is Substi 
tuted for a conventional interpolator in the frequency counter 
in the example above. The architecture of a typical time 
interval counter has many similarities to that of a frequency 
counter; however, in a time interval counter start and stop 
synchronization logic blocks start and stop a time counter that 
counts pulses from a reference clock. Start and stop interpo 
lators are used to keep track of the fractional clock pulse 
intervals that occur between a start signal and the next clock 
pulse, and between a stop signal and the next clock pulse. 

In one implementation the interpolator described above 
provides approximately ten picosecond repeatability and is 
ready for a new measurement in less than one microsecond. 
Low-Voltage logic interfacing is convenient when Switches 
125 and 130 are implemented as FETs. Regardless of specific 
implementation the circuit provides a simple, precise and 
inexpensive time-to-voltage conversion capability. 
The above description of the disclosed embodiments is 

provided to enable any person skilled in the art to make or use 
the disclosure. Various modifications to these embodiments 
will be readily apparent to those skilled in the art, and the 
principles defined herein may be applied to other embodi 
ments without departing from the scope of the disclosure. 
Thus, the disclosure is not intended to be limited to the 
embodiments shown herein but is to be accorded the widest 
Scope consistent with the principles and novel features dis 
closed herein. 

What is claimed is: 
1. A time interpolator circuit comprising: 
a current source connected to a first circuit node, 
a diode connected between the first circuit node and a 

second circuit node: 
a capacitor connected between the second circuit node and 

ground; and, 
a logic circuit including a first Switch capable of connect 

ing the first circuit node to ground and a second Switch 
capable of connecting the second circuit node to ground. 

2. The time interpolator circuit of claim 1 further compris 
ing: 

an analog-to-digital converter connected to the second cir 
cuit node. 

3. The time interpolator circuit of claim 1 further compris 
ing: 

an analog-to-digital converter for measuring Voltage 
between the second circuit node and ground. 

4. The time interpolator circuit of claim 1 further compris 
ing: 

a buffer amplifier having an input connected to the second 
circuit node; and, 

an analog-to-digital converterconnected to an output of the 
buffer amplifier. 

5. The time interpolator circuit of claim 4, the buffer ampli 
fier comprising an operational amplifier and a feedback resis 
tor network. 

6. The time interpolator circuit of claim 4, the buffer ampli 
fier input having impedance high enough to prevent discharg 
ing the capacitor through the amplifier. 

7. The time interpolator circuit of claim 4, the analog-to 
digital converter measuring a Voltage between the second 
circuit node and ground as scaled by the amplifier. 

8. The time interpolator circuit of claim 1, the first and 
second switches being field effect transistors. 
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9. The time interpolator circuit of claim 1, the diode pre 
venting current flow from the second circuit node to the first 
circuit node. 

10. A frequency counter comprising: 
count Synchronization logic having signal, reference clock, 

and start/stop control inputs; 
an event counter and a time counter both connected to the 

count synchronization logic; 
a microprocessor that receives digital input from the 

counters and sends a start/stop control signal to the count 
synchronization logic; and, 

an interpolator according to claim3, the interpolator's first 
and second Switches connected to the count synchroni 

10 
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Zation logic and digital output from the interpolators 
analog-to-digital converter connected to the micropro 
CSSO. 

11. A time interval counter comprising: 
start synchronization logic and stop synchronization logic; 
a time counter connected to the start synchronization logic 

and to the stop synchronization logic; 
a first interpolator according to claim 3, the first interpola 

tor connected to the start synchronization logic; and, 
a second interpolator according to claim 3, the second 

interpolator connected to the stop synchronization logic. 

k k k k k 


