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Abstract 
Optical encoders are commonly used in modern 

positioning systems. The accuracy and resolution of 
the optical encoder is always restricted by generated 
sinusoidal signals and the assembly technique. The 
interpolation circuit and conditional circuit in the 
optical sensor are preferably integrated into the 
integrated circuit (IC) to maximize the 
signal-to-noise-ratio (SNR). Nowadays, 
system-on-a-chip (SOC) is popular device to 
minimize the circuit and the cost to the manufacturer 
of making it. This study presents an ASIC including a 
conditional circuit for optical signal and a 10-fold 
interpolation circuit for improving the resolution of 
optical encoder. Furthermore, an electrical method of 
reducing the assembly difficulties is proposed. The 
ASIC is fabricated in a 0.5µm 2P2M CMOS process. 

1. Introduction 
The incremental optical encoders usually serve 

as feedback apparatus in typical positioning systems.  
Figure 1 shows the structure of a typical linear 
incremental optical encoder [1]. The light source, 
index scale and photo-detectors are mounted together 
on movable reading head. The light source passes 
through main scale and the index scale, and 
illuminates the photo detectors. The interaction 
between the main and the index gratings enables the 
four detectors to generate two pairs of phase-shifted 
sinusoidal currents, which are arranged to improve 
common mode rejection ratio (CMRR). The current 
signals are always conditioned to two sinusoidal 
signals with 90 degrees phase shift by 
trans-impedance amplifier [2]. However if the main 
scale, index scale and photo detectors are misaligned 
in the assembly process, then the sinusoidal signals 
are not exactly orthogonal. The accuracy of the 
encoder is deteriorated, and the orthogonal error can 
be compensated for in many ways [3], [4]. 

Typically, the two sinusoidal signals are 
digitized as two trains of square signals phase-shifted 
90 degrees. The square signals divide the sinusoidal 
signals into four equal-phase-distances. The encoder 
is improved by a factor of four. However, the 4-fold 
improved resolution is still poor in most positioning 
systems. The interpolation circuit is used to improve 

the resolution of the encoder. Many ways to 
interpolate the scaling signals exist, and the resistor 
string phase shift method is commonly used [5]-[7].  

This paper proposed an ASIC with 10-fold 
interpolator for an incremental optical encoder. The 
resistor string phase shift method was applied to 
design a 10-fold interpolator and a conditional circuit 
that allows phase difference adjustment were also 
integrated. The ASIC was fabricated in a 0.5µm 
2P2M CMOS process. Four key components, 
conditional circuit, resistor strings, comparators and 
logic circuit, were verified individually.  In addition, 
the entire chip verification proceeded by feeding 
quadrature signals with variable frequencies. Finally, 
the practical test of an optical encoder with 
interpolation ASIC was performed. 

 
Fig. 1: Structure of a typical linear incremental 
optical encoder. 

2. Conditional Circuit 
Figure 2 presents a functional block diagram of 

the proposed ASIC. The two pairs of differentially 
scaling sinusoidal currents, I0-I180 and I90-I270 are 
generated from an optical encoder. The subscripts 
indicate the current phase. Consequently, the 
conditional circuit with phase-adjusting circuit 
transfers two pairs of differentially scaling sinusoidal 
currents into two position-dependent sinusoidal 
signals, sinθ and cosθ. Finally, the two sinusoidal 
signals are digitized as two trains of square signals, A 
and B, phase-shifted by 90 degrees using a 10-fold 
interpolator. 
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Fig. 2: Functional block diagram of the proposed 
ASIC. 

 
Figure 3 shows the conditional circuit consisting 

of trans-impedance and differential amplifiers.  
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Fig. 3: Conditional circuit for incremental optical 
encoder. 

 
The phase of the sinusoidal signals is 

proportional to the position in a grating period on the 
main scale, so, the conditional circuit should be 
designed with a wider bandwidth to avoid delays of 
the sinusoidal signals. 

Additional, the slew rate of the conditional 
circuit should be high enough, else the quadrature 
signals will be shaped and cause the performance of 
the interpolator to decay. For a sinusoidal signal 

θsinA , the maximum slew rate is given by, 

maxmax 2πCfSR =            (1) 

where C is the amplitude of the input sinusoidal 
signal and maxf is the maximum frequency of the 
sinusoidal signal.  

A two-stage CMOS operational amplifier was 
designed for the conditional circuit to yield a wide 
bandwidth and high slew rate. The first stage is a 
p-channel differential input pair with an n-channel 
current-mirror active load. The second stage is a 
push-pull output stage for driving resistive loading in 
10-fold interpolator. 

3. Phase Adjustment 
A high-quality orthogonal signal is required for 

high-fold interpolation. Unfortunately, the phase shift 
between the scaling sinusoidal signals always 
deviates from 90 degrees, because of the 
inconsistency of the properties of the photo detectors 
and the assembly errors. A method of adjusting the 
phase is proposed. Assuming that the input 
non-orthogonal sinusoidal signals are sinθ and 
cos(θ±ϕ), ϕ  is  the leading or lagging phase error. 
For the cos(θ±ϕ) signal, it is represented as, 

ϕθϕθϕθ sinsincoscos)cos( m=±        (2) 

Then 

θϕϕθθϕ sinsin)cos(coscos ±±=       (3) 

From Eq. (3), an amplitude-reduced orthogonal 
signal cosϕcosθ is obtained by adding the original 
signal cos(θ±ϕ) to an amplitude-reduced signal 
sinϕsinθ. Figure 4 shows the circuit. The relationship 
between output and input is  

 

 

(4) 

If R2=R3=R7 then 
 

  
ϕsin1

7
1

m

RR =                 (5) 

Only a resistor is required to adjust the phase 
difference between the input sinusoidal signals, and 
the constant phase error is thus corrected. The phase 
adjustment method is also integrated into the 
conditional circuit and an off-chip adjustable resistor 
is designed for manual phase adjustment. 

 

Fig. 4: Circuit for realizing the phase adjustment of 
sinusoidal signals. 

4. Resistor String 
Figure 5 shows the functional block of a 10-fold 

interpolator using the resistor string phase shift 
method. The resistor strings are a set of non-linear 
ratio resistors, which shift the input sinusoidal signals 
into several phase-shifted sinusoidal signals. The zero 
crossings of the sinusoidal signals divide the input 
signals into equal phase-distances. The second stage 
is a set of regenerative comparators, which digitize 
the sinusoidal signals with equal phase-distance. 
Then, the digitized signals are decoded by logic 
circuitry into two trains of square signals, A and B, 
with high resolution to a positioning system. 
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Fig. 5: Functional block of 10-fold interpolator. 

For the designed 10-fold interpolator, two sets 
of 9° phase difference sinusoidal signals, Vs1~Vs10 
andVc1~Vc10, should be employed. As shown in Fig. 
6, two sets of serial resistor are used in the 10-fold 
interpolator, they have the following relationship, 

(6) 

 

 (7) 

The terminal voltages of the resistor string , Vsk 
and Vck, are written as, 

       (8) 

 

       (9) 

 

where Rs=Rs1+…+Rs10, Rc=Rc1+…+Rc10, 
Rs,k=Rs1+…+Rsk, Rc,k=Rc1+…+Rck.  Ask and Ack are 
the reduced amplitudes of the phase shifted 
sinusoidal signals and ϕk is the shifted phase, which 
divides the input sinusoidal signals into equal 
phase-distances, i.e. 9 degrees in 10-fold interpolator. 

 

Fig. 6: Non-linear resistor strings of 10-fold 
interpolator. 
 

The ratios of resistor strings Rsk  and Rck  are 

identical. Table 1 shows the resistance ratios of 
10-fold interpolator. Rk represnts Rsk  and Rck . 

Table 1. Resistance ratios for 10-fold interpolator. 

R1 R2 R3 R4 R5 
1.7265 1.3702 1.1656 1.0515 1 

R6 R7 R8 R9 R10 
1 1.0515 1.1656 1.3702 1.7265

 
In the CMOS process, the matching behavior of 

the resistors is affected by several parameters, 
including the spread sheet resistance, lithographical 
errors, etching errors, bend effects, contact resistance 
and alignment errors [8]. The layout of resistor 
strings is proposed and measured. The poly resistor is 
used in the resistor strings to yield good resistor ratio. 

A layout in which no contacts are used in the 
current path, although the end of the resistor string is 
fabricated and measured, is employed to reduce the 
contact resistance [9]. As shown in Fig. 7, a long poly 
resistor string is used and the distance between the 
contacts is directly proportion to the ratio R1 ~ R1 0 . 
The contacts Vs1 ~ Vs9 are not in the current path; 
therefore, the error due to variations in the contact 
resistance is eliminated. Moreover, each terminal that 
is interconnected by two symmetrical contact arrays 
reduces the interconnect resistance and the time 
constant. 
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Fig. 7: Layout of resistor string of 10-fold 
interpolator. 

5. Regenerative Comparator 
Comparators are usually used to convert input 

signals into an output signal with abrupt edges. If the 
response time of the comparator is much faster than 
the input signal near the threshold level in a noisy 
environment, then, the comparator output chatters 
between two stable levels. Quadrature signals from 
optical encoders are usually slow and noisy, thus, 
positive feedback in the comparator is usually applied 
to eliminate the chattering effects. As shown in Fig. 8, 
the hysteresis voltage of the regenerative comparator 
is defined as, 

−+ −= ttH VVV              (10) 

where +tV and −tV are the positive and negative 
threshold voltages of the regenerative comparator, 
respectively. The larger hysteresis voltage 
corresponds to better anti-noise capability. A phase 
delay appears when the regenerative comparator is 
applied. For a hysteresis voltage VH, the phase delay 
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can be derived as, 






= −

C
Vdelayphase H

2sin 1       (11) 

In designing the regenerative comparator, the 
compromise between the anti-noise ability and the 
phase delay should considered. 

sinθVi =

(a)

(b)

+tV

−tV
Phase
delay

 
Fig. 8: Response of a fast comparator to a slow signal 
in a noisy environment: (a) with hysteresis; (b) 
without hysteresis. 

6. Experimental Results and Discussion 
Figure 9 shows the photograph of the proposed 

ASIC with a 10-fold interpolator. 
 

 

Fig. 9: Photograph of the proposed ASIC with a 
10-fold interpolator. 

6.1 Amplifier in conditional circuit In a modern 
positioning system, both the 300 kHz maximum 
frequency response and a 2V/µs slew rate are 
required. Figure 10 shows the circuit for testing on 
the amplifier.  The test signal, VIN, was fed into the 
circuit, and the response, VOUT, was measured.  
Figure 11 shows the phase delay between the input 
and output of the differential amplifier, which is 
maintained below 2.1 degrees when the frequency is 
lower than 300 kHz.  The slew rate of the two-stage 
amplifier is measured by applying a step input from 
5V to 0V. The measured slew rate, plotted in Fig. 12, 
is 43V/µs. Both the bandwidth and the slew rate meet 
the requirements of a conditional circuit. 
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Fig. 10: Circuit for testing a two-stage amplifier used 
in a conditional circuit. 

 

Fig. 11: Frequency response of the two-stage 
amplifier. 

 

Fig. 12: Measured slew rate of the two-stage 
amplifier. 

6.2 Phase Adjustment Circuit The phase adjustment 
circuit is used to adjust the phase difference between 
the input quadrature signals from optical encoder, and 
thereby improve the accuracy of the encoder. Figures 
13(a) and 13(b) show the Lissajous pattern of the 
quadrature signals before and after the phase 
adjustment circuit respectively. The pattern becomes 
a circle after the adjustments are mode; that is the 
quadrature signals are shifted to obtain a 90 degrees 
phase difference. 

 



  
(a)                      (b) 

Fig. 13: Lissajous pattern of the (a) input 
non-orthogonal quadrature signals. (b) adjusted input 
quadrature signals after adjustment of phase. 
 
6.3 Resistor Strings  A set of resistor strings for a 
10-fold interpolator is fabricated in a poly resistor 
with the layout discussed previously. Equation (12) 
defines the integral nonlinearity (INL) of an 
interpolator, and the definitions of both Vck and Vsk 
are the same. 

INL  of Vsk = Pmk-Pik                   (12) 

where Pmk and Pik are the measured and ideal shifted 
phases of signal Vsk  respectively. The ideal phase 
distance after 10-fold interpolation is 9 degrees. 
Figure 14 plots the INL and DNL of the resistor string, 
respectively. The INL is under one degree, i.e. the 
error on one ideal phase distance is only 11%. 
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Fig. 14: INL of the resistor string. 

6.4 Regenerative Comparator Figure 15 plots the 
measured typical hysteresis input-output curve, where 
Vi , Vo, VH and Voff are the input voltage difference, 
output voltage, hysteresis voltage and input offset 
voltage of the regenerative comparator, respectively. 
The values of VH and Voff on the five chips are 
measured and shown in Table 2.  In this test, the 
deviation of Vi is less than 6 mV. The table also 
shows the corresponding induced phase delays 
calculated from Eq. (11) when C=1V. The largest 
phase delay is only 1.7 degrees. 

 

Fig. 15:  Designed CMOS comparator with 
hysteresis. 

Table 2. Measured VH and Voff for five chips. 

Chip #1 #2 #3 #4 #5 

Voff (mV) -0.2 3.6 4.1 -5.8 -4 

VH (mV) 53.2 51.2 59.4 54 56 

Phase 
delay 

(degree)
1.52 1.47 1.70 1.55 1.60

 

6.5 Whole chip test given ideal quadrature signal 
input As shown in Fig. 16, the interpolated square 
signals of whole chip were measured at 12Hz, 290 
kHz and 584 kHz ideal quadrature signal inputs.  
The two trains of square signals, A and B, are still 
available given a 584kHz signal input. 

 

(a) 12 Hz 

 

(b) 290 kHz 



 
(c) 584 kHz  

Fig. 16: Input and output waveforms of tested ASIC 
given (a) 12 Hz (b) 280 kHz and (c) 584 kHz ideal 
quadrature input signals. 

6.6 Whole chip test using optical encoder A test is 
conducted by adapting the ASIC on an incremental 
optical encoder. Figure 17 plots the input and output 
waveforms of tested ASIC given 85 Hz quadrature 
signals input from a practical incremental encoder. 
Two trains of square signals, A and B, are clear and 
easily distinguishable. 

 

Fig. 17: Input and output waveforms of tested ASIC 
using 85 Hz quadrature signals, input from a practical 
incremental encoder 

7. Conclusion 
A complete ASIC integrated the 10-fold 

interpolator and a phase-adjusting circuit was 
designed and fabricated in a 0.5µm double-poly / 
double-metal CMOS process. The amplifiers in the 
conditional circuit were tested, and the 300 kHz 
maximum frequency response and the 43V/µs slew 
rate were measured. The INL of resistor strings is less 
than one degree; that is, the error of one ideal phase 
distance is only 11%.  

When the entire chip was tested at an ideal 
quadrature signal input, two trains of square signals 
were still available using a 584kHz signal input. 
Finally, the entire chip was tested using quadrature 
signals input from an incremental encoder. Two trains 
of square signals are clear and easily distinguishable. 

8. Acknowledgment 

The authors would like to thank the Ministry of 
Economic Affairs of the Republic of China, for 
supporting this research under Contract No. 
MOEA91-EC-2-A-17-0294. 

 

References 

[1] http://www.heidenhain.com/. 
[2] Schmitt, W., “Photoelectric digital position 

measuring system,” U.S. Patent 4385836, 
(1983). 

[3] Heydemann, P. L. M., “Determination and 
Correction of Quadrature Fringe Measurement 
Errors in Interferometers”, Applied Optics, Vol. 
20, No. 19, (1981), pp. 3382-3384. 

[4] F. Cherchi, L. Disingrini, S. Gregori, G. Torelli, 
V. Liberali, and M. Gottardi, “A digital 
self-calibration circuit for optical rotary encoder 
microsystems,” Proc. of IEEE Instrumentation 
and Measurement Conf., (2001), pp. 1619-1624. 

[5] Hagiwara, N., Suzuki, Y., and Murase, H., “A 
method of improving the resolution and 
accuracy of rotary encoders using a code 
compensation technique,” IEEE J. Solid-State 
Circuits, (1992), pp. 98-101. 

[6] Schwefel, E., “Method of interval 
interpolation,” U.S. Patent 4462083, (1984). 

[7] Schwefel, E., “Interpolation apparatus for 
digital electronic position measuring 
instrument,” U.S. Patent 4225931, (1980). 

[8] R. Wittmann, W. Schardein, B. J. Hosticka, G. 
Burbach, and J. Arndt, “Trimless high precision 
ratioed resistors in D/A and A/D converters,” 
IEEE J. Solid-State Circuits, vol. 30, (1995), pp. 
935-939. 

[9] J.-Y Huang, “Resistor termination in D/A and 
A/D converters,” IEEE J. Solid-State Circuits, 
(1980), pp. 1084-1087. 


