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There are several cases in which the measurement of light frequency changes is necessary. For
example, it is noteworthy to define the stability of output frequency (wavelength) of a laser beam.
Besides, high speed light frequency sensors can be used in optical frequency modulation which has
advantages including low cost, high data rate and low noise modulation. Nowadays, for transmitting
optical signals, the usual method is converting the message signal to a digital signal and transmitting it
with a special digital modulation and after receiving, it will be converted to an analog signal.
The mentioned sections are complex and expensive. Sending a digital signal (pulse) through a non-
linear optical medium (optical fiber) may cause undesirable effects such as generating harmonics and
energy dispersion in the medium. In this case, we are able to send an analog message as an analog
optical signal by a tunable laser diode and receive it by this sensor. Also transmitting digital signals
with usual digital modulations such as frequency shift keying will be possible. In this work, we present
a new differential light frequency sensor based on an integrated Michelson interferometer whose
precision in detecting wavelength changes is less than 0.001 nm.
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1. Introduction

The visible light wavelengths are between 0.4 to 0.7 um. Hence, the light frequency
is between 405 to 790 THz. In this case, there is no real time instrument with the ability
to measure the optical frequency of light. Nowadays there are several optical modu-
lation methods for transmitting data from one point to another point. Most of these
methods are based on switching and change in light phase. Mach—Zehnder interfer-
ometer (MZI) is an important part of common optical modulators which can change
the amplitude of output light wave proportional to the applied voltage. As shown in
Fig. 1, this device consists of two balanced arms which play a role as optical wave-
guides and a light beam splitter. The device changes the amplitude of the output light
wave by creating a delay in one arm. Input light falls on the beam splitter and splits in
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Fig. 1. Configuration of a typical MZI [1].

two similar beams and these two split beams travel in two arms independently. In one
arm (the upper one) we have an electro-optic medium. Here, the main properties of
the electro-optic medium changes its refractive index by changing the applied voltage.
Changing refractive index of this medium causes the change in optical path and hence
introduces a delay in the upper arm. The delay will cause a phase shift of the light in
the upper arm. The delay depends on the voltage applied to the delay generator (electro
-optic media in the upper arm). Hence, after interference and recombination, the ampli-
tude of the output light changes. This is the principle of MZI and the speed of transfer-
ring data using this device is limited by the speed of the delay generator element [1].
Current researches aim to transfer information using the amplitude and phase to obtain
a higher data rate. Binary phase shift keying (BPSK) and quadrature phase shift keying
(QPSK) are two modulations in which data is not transferred only by amplitude [2].

In this work we present a new device to implement the optical frequency modula-
tion (FM) which is simpler than available systems (see Fig. 2). For instance, to transmit
and receive voice in existing optical communication systems, there is one part to con-
vert analog signals to digital ones and at the receiver side there is another part to convert
a digital signal obtained from the Mach—Zehnder demodulator to an analog signal.

V

A/D Mach-Zehnder Optical Mach-Zehnder D/A
convertor = modulator = medium = demodulator = convertor

Fig. 2. Typical recently used optical communication block diagram (M — massage).

By implementing FM optical modulation, it is possible to transmit and receive
an analog signal simpler than other systems. In the other words, there is no need to
have A/D and D/A convertors at transmitter and receiver points. Figure 3 shows the
optical FM communication system block diagram.

To implement an optical FM data transfer system, a device is needed which con-
verts data to optical frequency. Hence we need a voltage controlled optical frequency
synthesizer to convert a message signal to an optical frequency whose performance is
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Fig. 3. Block diagram of an optical communication system.

similar to a voltage controlled oscillator (VCO) in radio FM transmitter systems. This
is possible in tunable solid state lasers or tunable fiber lasers [3, 4]. At the receiver we
need a device to convert optical frequency to voltage so that it can demodulate the mes-
sage from the optical carrier frequency. A differential light frequency sensor can play
arole as an optical frequency to a voltage convertor in the receiver side. By considering
differential light frequency sensor applications in communication systems, the device
must be of high speed and low cost. In this research, our objective is to design and
implement this device.

The mentioned device can be used in experimental applications to detect small
changes in wavelength of a laser output beam or investigate laser output beam fre-
quency (wavelength) stability against changing other parameters and conditions [5, 6].
For example, to find wavelength stability of a laser against changing the device tem-
perature and obtaining a wavelength-temperature curve, the presented differential light
frequency sensor is an effective tool.

2. Michelson interferometer based wavelength meter

A scheme of a Michelson interferometer is shown in Fig. 4. The incident light is split
in two ways each with 50% amplitude of incident light and travels two different paths
called L, and L,. After being reflected by mirrors, they are recombined at the beam
splitter and generate an interference pattern as light and dark fringes. The luminance
of the pattern is a function of wavelength and the geometrical distance between the
beam splitter and the mirrors.
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Mirror Fig. 4. Michelson interferometer [7].
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When two split beams are perpendicular to the mirrors, the difference optical
paths are

A=2L,-2L, =2d (1)

However, if the beams are incident on the mirrors at the angle 6, the optical path dif-
ference is

A = 2dcos(0) (2)

If the geometrical position of scanning mirror changes, the luminance of the interfer-
ence pattern under this geometrical change is different and the optical path difference
d, is replaced by d,. If we consider d; = 0, then the difference between d, and d, is

dy—d, =d, =d 3)

If we consider d as a geometrical change of the scanning mirror, under this change
the luminance of pattern swings m times between light and dark regions. As a result,
it is clear that the wavelength can be determined by

2d = mA 4)

So A can be determined by measuring the displacement of a moving mirror and count-
ing m fringes.

In a typical wavelength meter based on the Michelson interferometer, a photodiode
is used to convert a luminance interference pattern to an electrical signal. At this pho-
todiode, the received optical field will be obtained by

/1 —a /\/EE'[ej(zﬁL1+¢’1) + ej(zﬂL2+¢’2)]eja)t —
1

21— a) Ee/ P+ L) 050+ o)l o[ BAL +0.5( g, + @,)]ei
)

where E; is the applied optical field, o is the power splitting rate of the beam splitter,
n is the refractive index, # = 2mn/A is the propagation constant, AL = L, — L, that is
length difference between arms, @ is the optical frequency and ¢, and ¢, are initial
phase shift of arms introduced by a beam splitter and mirrors.

Since the photodiode is a square law detector, the current of photodiode is propor-
tional to the received optical power

Ey

I = R|E|> = 2a(1 - @)PR[1 + cos(2BAL + Ap)] (6)

where Ap = ¢, — @, is the initial phase difference between two arms where AL = 0 and
R is the responsivity of photodiode. So it is clear that the photocurrent changes by
changing length of each arm.
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Fig. 5. Curve of normalized photocurrent / as a function of AL for 1500 nm optical wavelength [7].

In the simplest case, we have a single optical wavelength 4. By considering Eq. (6),
the photocurrent is alternating by moving the scanning mirror. By analyzing the
photocurrent / as a function of wavelength, Fig. 5 is obtained. For example, if the dis-
tance between two points in which the photocurrent is half-maximum is 6L, then
cos(4ntAL + A@) =0 and hence

4n87L =T @)
So we can obtain optical wavelength by 4 = 43L.

In fact, for determining optical wavelength, the scanning mirror needs to be moved
up to half wavelength. But in typical wavelength meters this change is much longer
than this amount to reduce measured noise associated with optical wavelength. Under
longer scanning we will record multiple 8L and estimated measured 8L can be obtained
by averaging 0L values. So far, we discussed the simplest case of Michelson wave-
length meter whose optical signal has a single wavelength. Now assume that the optical
signal consists of two wavelengths A4, and A, with optical frequencies of @, and ®,,
and amplitude of each signal is equal to E,/2, thus we have:

E, = 05E, [ejﬂ‘(L‘+L2)ejw‘tcos(ﬁlAL)+ejﬂz(L‘+L2)e-jw2tcos(ﬁ2AL)} (8)

In Equation (8) the initial phase difference is ignored for simplicity and 50% split-
ting ratio of an optical coupler is assumed. The photocurrent can be determined by

cos(25,AL) + cos(25,AL)
= 11+
1= %P1 . ] )
In obtaining Eq. (9), we ignored the time dependent factor e/~ @) pecause

the speed of change in interferometer arms is much slower than fast random changing
in phase.
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Fig. 6. Photocurrent for an optical signal with 1350 and 1550 nm.

Figure 6 shows the photocurrent for an optical signal with two wavelengths. For
determining the wavelengths, we need to measure 3L for each wavelength. In this case
we need to apply the fast Fourier transform (FFT) on photocurrent to measure 8L for
each element.

An important factor here is to measure the displacement of the moving mirror ac-
curately. In fact, the accuracy of the measured wavelength directly depends on the
accuracy of the measured d. A good solution for measuring the displacement of a mov-
ing mirror is to use a stable wavelength laser beam with a known wavelength as a cal-
ibrator beam, as shown in Fig. 7. The displacement d will be obtained by Eq. (4) by
counting m' corresponding to the interference pattern.
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Fig. 7. Optical wavelength meter based on Michelson interferometer with HeNe calibrator laser. Two
photodiodes are used to count fringes [7].

The Michelson interferometers are implemented by optical fiber in some optical
communication networks and newly on silicon wafers for optical micro-probes.
Figure 8 shows the Michelson interferometer that is implemented on a silicon wafer.
The effective area of this sensor is 550 umx200 pum [8].
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Fig. 8. Schematic illustration of the device and its operation principle as an optical probe for profile
measurement based on the Michelson interferometer integrated at the probe end [8].
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Now we can implement the Michelson interferometer and a photodiode on a very
small piece of silicon to sense changes in light wavelengths. The type of the photodiode
depends on a spectral range in which the sensor should work. Regarding the spectral
response of photodiodes, for wavelengths of 400 up to 900 nm, Si photodiodes are suit-
able and for longer wavelength in an infrared region, InGaAs photodiodes are appro-
priate [9].

3. Device design

Now consider the Michelson interferometer with fixed mirrors. If a monoharmonic
light falls on the beam splitter, the luminance of the interference fringes will get a fixed
value. If we change the incident light wavelength, the luminance of the interference
fringes will change. Figure 9 shows the resultant luminance for two different wave-
lengths.

In a such system, our analyses show that the luminance of interference fringes is
a function of wavelength of incident light and this is the basic principle of this work.
The differential light frequency measurement sensor will detect changes in the wave-
length by measuring luminance changes on a Michelson interference pattern. Figure 10
illustrates the luminance of interference fringes against changes in the wavelength.

Looking at Fig. 10, we can see that the luminance of 500.0000 up to 500.000440 nm
is increasing and then starts decreasing to 500.00065 nm. At first we may conclude
that a good working area for the sensor is to make a decreasing area larger in Fig. 10.
But as Fig. 10 illustrates, by increasing the wavelength, we have some homonym half
sinusoid shapes with a decreasing amplitude. The decreasing amplitude is an undesir-
able effect which limits this sensor bandwidth. For instance, assume that this sensor
is intended to be used in an optical FM modulation. The tunable laser wavelength sta-
bility must be more than 0.00003 nm (0.1 of'the first cycle). However, such commercial
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laser is not available today. If we obtain a luminance-wavelength function for a wider

range for wavelength change, it will be similar to Fig. 11.
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Fig. 9. Perfect destructive interference by 500.000001 nm (a) and perfect constructive interference by
wavelength 500.0004500 nm (b); L, and L, are 150 and 160 pum, respectively.
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Fig. 10. Luminance as a function of wavelength (500.0000 to 500.0015 nm).
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Fig. 11. Luminance wavelength diagram for 500.000 to 500.015 nm.

By considering Fig. 11, it looks as if the intensity of the interference pattern is
a magnitude of a sinusoid function carried by a higher frequency in an AM shape. Also,
one can see that the intensity of light is a periodic function with a variable frequency.
By increasing the optical wavelength, the frequency of intensity changes increases and
hence we can say that the wavelength is carried by the frequency of output intensity
changes.

Output

:E R1

\ GND

Fig. 12. AM detector circuit to detect wavelength changes in photodiode current.

The wavelength changes will cause an AM shape on photodiode current. To com-
plete the sensor configuration, it is important to use an AM detector circuit after
photodiode to obtain a reliable sinusoidal function on the output, as shown in Fig. 12.

4. Conclusion

Based on the device suggested in this paper, we are able to design and implement new
high efficiency optical modulations used in optical communications and combine them
with other modulations to obtain a higher data transferring rate. Also, we are able to
detect and amplify small changes in wavelength and frequency of a beam for high ac-
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curacy applications such as investigating wavelength stability of a laser beam. Also,
in this device, the analog-to-digital convertor at the transmitter and digital-to-analog
convertor at the receiver are removed. In other words, the suggested structure is simpler
and more commercial in optical communications and applications.
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