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Abstract Noncontact displacement measurement is gen-
erally based on the interferometry method. In the
semiconductor industry, a technique for measuring small
features is required as circuit integration becomes denser
and the wafer size becomes larger. An interferometric
system known as a three-longitudinal-mode heterodyne
interferometer (TLMI) is made of two main parts: optical
setup and electronic sections. In the optical part, the base
and measurement signals having 500-MHz frequency are
produced, resulting from interfering three longitudinal
modes. The secondary beat frequency to measure the
displacement in the TLMI is about 300 kHz. To extract the
secondary beat frequency, wide-band amplifiers, double-
balanced mixers (DBMs), band-pass filters (BPFs), and
low-pass filters (LPFs) are used. In this paper, we design
the integrated circuit of a super-heterodyne interferometer
with total gain of 56.9 dB in size of 1030 µm�1030 µm.

Keywords nano-displacement, double-balanced mixer
(DBM), integrated circuit, three-longitudinal-mode inter-
ferometer

1 Introduction

Photolithography steppers, mask and reticle writers and
metrology instruments rely on displacement-measuring
interferometers to improve position accuracy [1,2]. Some
of nanotechnologies requiring accurately placed patterns
are nanoelectronics, nanophotonics and nanomagnetics
[3]. Furthermore, the integrated optical Bragg waveguide
and magnetic media disks need about 1 nm metrology
frame accuracy [1,3]. The trends of reducing the minimum

feature size, increasing wafer size and increasing through-
put push the performance requirements for interferometric
systems to small levels. Nowadays, the laser heterodyne
interferometers are the instrument of choice for many
precision machines which can be readily extended up to a
resolution less than one optical wavelength [4–7].
Enhanced heterodyne displacement measurement inter-
ferometers using a three-longitudinal-mode He-Ne laser-
based super-heterodyne technique were first introduced by
Yokoyama in 2001 [8]. In the super-heterodyne technique,
an electronic circuit is needed to produce secondary beat
frequency. Though some intensive work done during the
last few years, quite a few good techniques for phase
measurement have become available [5,8–10]. The
technology of integrated optics promises high sensitivity,
small overall size, and possibly low fabrication costs.
Different versions of complex integrated heterodyne
interferometry sensor have recently been developed [11].
Because of limitations of measuring principles, in this
investigation, we propose an integrated circuit for
secondary beat frequency measuring in the electronic
scheme of three-longitudinal-mode heterodyne interferom-
eter (TLMI) to measure nano-displacements with sub-
nanometer resolution.

2 Optical design

The phase difference between base and measurement arms
determines the optical path difference which is dependent
on the displacement measurement of the target. The block
diagram of the measurement system based on the TLMI is
shown in Fig. 1.
As the CCPt in the measurement arm moves with

velocity of V , a Doppler shift is generated for �2:

Δf ¼ 2π
2nV�2

c

� �
, (1)
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where n is the refractive index of medium, and c is the
speed of light in vacuum. The phase change in the
interference pattern is dependent on the Doppler shift:

ΔΦ ¼ !
t2

t1

Δf dt ¼ 4nπ�2
c

Δz: (2)

The displacement measurement of the target with
wavelength l2 is then given as

Δz ¼ ΔΦl2
4nπ

: (3)

Owing to the square-law behavior of the photodiodes,
the reference signal at the output of base avalanche
photodiode (APD), APDb, is expressed as

IAPDb
¼ Acos½2πð�3 – �1Þt� þ Bcos½2πð�3 – �2Þt�

þ Ccos½2πð�2 – �1Þt� þ D

¼ Acos½2πðfbH þ fbLÞt� þ Bcosð2πfbHtÞ
þ Ccosð2πfbLtÞ þ D: (4)

Similarly, the output current of the measurement APD,
i.e., APDm, is given by

IAPDm
¼ Acos½2πðfbH þ fbLÞt� þ Bcos½2πðfbH � Δf Þt�

þ Ccos½2πðfbL � Δf Þt� þ D, (5)

where A, B, C, and D are constant values, and Δf is the
frequency shift due to the Doppler effect and its sign is
dependent on the moving direction of the target. To extract
the phase shift from Eqs. (4) and (5), two signals are fed to
the proper electronic section as described in the next
section.

3 Electronics design

The block diagram of designed electronic section is shown
in Fig. 2. The circuits include: a) current-to-voltage
converter to convert the currents at the output of APDs
to voltage signal; b) amplifier with bandwidth equal to the
primary beat frequencies about 500MHz that is corre-
sponded to the difference between central and side
frequencies of input polarized laser beam; c) band-pass
filters (BPFs) to extract the primary beat frequencies
spectrum; d) double-balanced mixers (DBMs) to produce
300-kHz secondary beat frequency, that is, the difference
between the higher and lower primary beat frequencies; e)
low-pass filters (LPFs) with a bandwidth corresponding to
the secondary beat frequency [12,13]. Finally, this signal is

Fig. 1 Block diagram of a measurement system based on
heterodyne laser interferometer (CCP: corner cube prism; BS:
beam splitter; PBS: polarising beam splitter; LP: linear polarizer;
APD: avalanche photodiode)

Fig. 2 Block diagram of electronic section of displacement measurement system (BPF: band-pass filter; LPF: low-pass filter; DBM:
double-balanced mixer; AMP: amplifier)
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inserted to the phase meter box or processing section to
calculate the measurement displacement from the ampli-
fied base and measurement signals with secondary beat
frequency. The designed circuits for two arms (base and
measurement) are equal (Fig. 2).
Usually, the amplifier with high bandwidth in the first

stage is used. In this part, we use three-stage cascode
amplifier. The cascode topology generally improves the
gain and the frequency response of the amplifier. The
schematic of the designed amplifier is shown in Fig. 3. This
circuit amplifies and converts the input photocurrents.
According to the optical part, the input signal of the
amplifier is the photocurrent of APDs, so R5 is used as a
feedback. The primary parameters to design the circuits are
as follows: the input impedance is considered 50Ω for
impedance matching to the detectors, power supply is
assumed 1.8 V (because of using 0.18-µm technology),
and bandwidth and constant gain are respectively con-
sidered as 500MHz and 40 dB. According to the assumed
quantities, Vb1 is 1 V, Vb is 0.7 V, and the width of
transistors M1 and M2 is 200 µm/0.18 µm. C1 and C2 are
the coupling capacitors.
Here, the secondary beat frequency fs ¼ �bH – �bL is

relatively between 300 and 400 kHz. The signal should be
self-multiplied to extract the secondary beat frequency.
This work was done using DBM. Figure 4 shows the
schematic of the mixer. The voltage gain of the designed
DBM ðGcÞ is given as

Gc ¼
2

π
gm1R, (6)

where gm1 is the transconductance of transistor M1, and
R ¼ R1 ¼ R2 is the resistance, shown in Fig. 4. The width
of transistors used in DBMs is 30 µm/0.18 µm for M1, M2,
M3 and M4, and is 35 µm/0.18 µm for M5 and M6. An LPF
to extract the 300-kHz frequency is necessary in the drain

of output transistors. According to Fig. 4, resistors R1 and
R2 and capacitor C have the role as LPF. The cutoff
frequency for the filter is f3dB ¼ 1=ð2πRCÞ, and conse-
quently, the output resistor is 300Ω and the capacitor is
about 1 pf. The direct current (DC) in the mixer is also
2 mA, which gives consumed power about 3.6 mW. The
gain of the mixer in the frequency about 300 kHz is about
13.97 dB.
The amplified reference and measurement signals are

transmitted to the phase detector section. The schematic of
the first stage of the phase detector is represented in Fig. 5.
The analog signals are fed to the Schmitt trigger and
inverted to the train-pulse signal. The phase difference of
two signals is generated by crossing from the XOR gate. A
high-speed time-to-digital converter (TDC-GP1) counts
during the high level of the output signal. The resolution of
the phase detector is proportional to the counter clock
pulse. If the frequency of the clock pulse is denoted by
fCLK, the phase detection resolution is given by [4]

δf ¼ 2π
fs

fCLK
: (7)

As a result, the resolution of displacement measurement
is calculated as

δz ¼
fs

4nfCLK
l2: (8)

By increasing the counter clock pulse, the resolution can
be considerably improved.

4 Results

The designed circuits are simulated by Hspice-Rf6. The
results show that the bias current of the designed amplifier

Fig. 3 Schematic of three-stage cascode amplifier
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is 8.55 mA, and the consumed power is 15.39 mW. The
system cascode amplifier spectrum is shown in Fig. 6, with
42.93-dB gain and 1.34-GHz bandwidth. The output signal
of the whole integrated circuit is represented in Fig. 7.
Finally, the consumed power of the total circuit is
18.99 mw, and the voltage gain is 56.9 dB. The layout of
the electronic section of the displacement measurement

system is shown in Fig. 8. The dimension of this layout is
1030 μm�580 μm. The total chip size, including pads, is
3.44 mm�3.44 mm. The designed electronic section is
illustrated in Fig. 9. By using the 8-GHz counter clock
pulse, the resolutions of the phase measurement and the
displacement measurement are, respectively, 0.01° and
5.9 pm.

Fig. 5 Schematic of phase detector stage

Fig. 6 Gain profile of designed three-stage cascode amplifier Fig. 7 Output voltage of designed integrated circuit

Fig. 4 Schematic of DBM
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5 Conclusion

In this paper, the integrated electronic circuit for the
nano-displacement measuring system has been designed
and simulated. The designed circuit using a 0.18-μm

complementary metal oxide semiconductor (CMOS)
technology consists of current-to-voltage converter and
amplifier, BPFs for passing the primary beat frequencies
spectrum, DBMs for converting the primary beat
frequency to the secondary beat frequency, and LPFs.

Fig. 8 Layout of integrated electronic section of displacement measurement system

Fig. 9 Total chip size including pads of electronic section of displacement measurement system (3.44 mm � 3.44 mm)
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Simulation results demonstrate that the proposed system
yields 56.9-dB gain. In addition, the designed integrated
circuit requires only 1.8-V supply voltage and consumes
18.99-mW power.
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