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SUMMARY We present a full description of a polarization-
independent athermal differential quadrature phase shift keying (DQPSK)
demodulator that employs silica-based planar lightwave circuit (PLC) tech-
nology. Silica-based PLC DQPSK demodulator has good characteristics
including low polarization dependence, mass producibility, etc. However
delay line interferometer (DLI) of demodulator had the large temperature
dependence of its optical characteristics, so it required large power con-
sumption to stabilize the chip temperature by the thermo-electric cooler
(TEC). We previously made a quick report about an athermal DLI to re-
duce a power consumption by removing the TEC. In this paper, we focus
on the details of the design and the fabrication method we used to achieve
the athermal characteristics, and we describe the thermal stability of the
signal demodulation and the reliability of our demodulator. We described
two athermalization methods; the athermalization of the transmission spec-
trum and the athermalization of the polarization property. These methods
were successfully demonstrated with keeping a high extinction ratio and a
small footprint by introducing a novel interwoven DLI configuration. This
configuration can also limit the degradation of the polarization dependent
phase shift (PDf) to less than 1/10 that with the conventional configura-
tion when the phase shifters on the waveguide are driven. We used our
demodulator and examined its demodulation performance for a 43 Gbit/s
DQPSK signal. We also verified its long-term reliability and thermal sta-
bility against the rapid temperature change. As a result, we confirmed that
our athermal demodulator performed sufficiently well for use in DQPSK
systems.
key words: differential quadrature phase-shift keying (DQPSK), Mach-
Zehnder, Delay-line interferometer, optical planar waveguides

1. Introduction

Return-to-zero differential quadrature phase-shift key-
ing (RZ-DQPSK) is considered a leading candidate for
40 Gbit/s transmission systems as a result of its high spec-
tral efficiency, high receiver sensitivity and large tolerance
to impairment factors such as chromatic dispersion, polar-
ization mode dispersion and bandwidth narrowing at optical
add drop multiplexers [3], [4]. In comparison with conven-
tional on-off keying, however, the RZ-DQPSK format re-
quires more complicated transmitters and receivers for mod-
ulating and demodulating RZ-DQPSK format signals, re-
spectively. To provide “green” and cost effective transmis-
sion systems, it is becoming increasingly important to re-
duce both the footprint and power consumption of the trans-
mitters and receivers.

One of the key components on the receiver side is a de-
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modulator, which generally consists of two delay-line inter-
ferometers (DLIs) with a 90˚ phase offset. Various types of
DQPSK demodulators have been proposed, including those
based on free space optics [5], optical fiber [6], and planar
lightwave circuits (PLCs) [7]–[9]. Of these, the silica-based
PLC demodulator [8], [9] has a number of advantages over
the other configurations including high speed tuning char-
acteristics, good mass producibility, high reliability, low po-
larization dependence and the potential for full integration
with balanced receivers.

The first-generation silica-based PLC demodulator has
already been deployed in the field. However, its power con-
sumption is relatively large, because it is equipped with a
thermo-electric cooler (TEC) to stabilize the chip tempera-
ture. The TEC accounts for about 70% of the total power
consumption.

Recently, we proposed the athermal DQPSK demodu-
lator, and achieved a 60% reduction in the power consump-
tion by removing the TEC [1], [2]. In this paper, we focus
on the detail design to achieve such athermal condition of
the DLI with keeping low polarization dependence, high ex-
tinction ratio and low loss. In addition, we also report the
additional investigation on thermal stability and reliability
of our DQPSK demodulator.

In Sect. 2, we discuss the design of the athermal
DQPSK demodulator. There are two issues related to de-
modulator athermalization. The first involves finding a way
to athermalize the transmission spectrum of the demodula-
tor. Since the refractive index of silica glass depends on the
PLC chip temperature, the DLI transmission spectrum shifts
by 1.4 GHz/◦C. We use resin filled grooves to compensate
for the temperature dependence of the silica, which is sim-
ilar to the technique used for athermal arrayed-waveguide
gratings (AWGs) [21]. We discuss the groove design in de-
tail in Sect. 2.1. It should be noted that, when designing
an athermal DQPSK demodulator, we must take account of
both the excess loss and the loss imbalance at the grooves,
if we are to achieve a good extinction ratio.

The second issue with respect to athermalization in-
volves finding a way to athermalize the birefringence of
the waveguide. To improve the polarization dependent fre-
quency shift (PDf), which is one of the key parameters of
the DQPSK demodulator [12], [13], it is important to set the
birefringence at a specific value [10], [15]–[19]. Thus, it is
important to eliminate the temperature dependence of the
birefringence. In Sect. 2.2, we discuss the temperature de-
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pendence of the birefringence in detail.
In Sect. 3, we report the fabrication of the athermal de-

modulators. We have applied the athermalization technolo-
gies discussed in Sect. 2 to a DQPSK demodulator with an
interwoven configuration [21]. The interwoven configura-
tion enables us to halve the conventional chip size. More-
over, it allows us to eliminate the PDf increase caused by
the birefringence change when the phase shifter is driven.
We describe the design of the interwoven configuration in
Sect. 3.1. Finally, in Sect. 3.2, we discuss the performance
of the fabricated DQPSK demodulator, and report bit error
rate (BER) measurement, demodulation stability against the
rapid temperature change, and reliability test results.

2. Athermalization of Delay-Line Interferometer

2.1 Athermalization of Transmission Spectrum

In this section, we describe the athermalization of a silica-
based DLI. In this Sect. 2.1, we describe the athermalization
of the transmission spectrum, and in next subsection, we
describe the athermalization of the polarization property of
the DLI.

The transmission peak of a silica-based demodulator
has a temperature dependence of 1.4 GHz/◦C, due to the
temperature dependent refractive index of silica. This tem-
perature dependence can be compensated by filling grooves
in the DLI with resin that has a negative temperature depen-
dence. Although this technique is similar to that used for
athermal AWGs [21], we need to optimize the groove de-
sign to apply it to the DQPSK demodulator.

Figure 1 is a schematic of a DLI with resin-filled
grooves. We used multiply divided grooves to reduce the
diffraction loss at the grooves. Grooves are formed in both
arms of the DLI to prevent any extinction ratio degradation
induced by an excess loss imbalance between the arms. The
difference between the total groove lengths of the arms is
set to compensate for the temperature dependent refractive
index of the silica waveguide. It should be noted that this

Fig. 1 Schematic figure of the resin-filled groove across the waveguide
(a) and the single Delay-line interferometer.

configuration is tolerant to groove length fluctuations result-
ing from the etching process as both arms are equipped with
the same number of grooves.

First, we optimized the total groove length difference
experimentally. We fabricated the DLI using silica-based
PLC technologies. The refractive index difference and
waveguide core thickness were 1.5% and 4.5 μm, respec-
tively. The cladding and core were deposited on a Si sub-
strate by flame hydrolysis deposition, and the waveguide
was formed by photolithography and etching. The free spec-
tral range (FSR) of the DLI was set at 21.9 GHz, which is a
value widely used for 43 Gbit/s DQPSK demodulation.

Figure 2 shows the measured maximum spectral shift
of our fabricated DLI over a temperature range of −10 to
70◦C as a function of total groove length difference. The
spectral shift was the smallest at a total groove length dif-
ference of 261 μm. This length agrees with the value cal-
culated from the temperature dependence of the refractive
indexes of silica glass (1 × 10−5/◦C) and the resin material
(−37×10−5/◦C). The slight residual spectral shift of 8.8 GHz
was due to the second-order components of the temperature
dependence of silica glass, and this was sufficiently small to
be compensated with phase shifters.

Next, we optimized the number of grooves. Here it is
important to reduce the loss imbalance between the arms as
well as the excess loss at each arm, because the loss imbal-
ance degrades the extinction ratio of the DLI.

Figures 3(a) and (b) show the measured excess loss and
the excess loss imbalance of the arm, respectively, when we
changed the waveguide width at the grooves and the num-
ber of grooves. The groove interval was 30 μm. As seen in
Fig. 3(a), although a wider waveguide generally has a better
excess loss, the excess loss depends strongly on the wave-
guide width and groove number. This is because the divided
grooves function as a weak long-period grating [22]. As
for the excess loss imbalance, a waveguide width of 12 μm
provides the best result. The behaviors of the excess loss
and excess loss imbalance were complicated, so we tried to
find the optimum value of the groove number and waveguide
width experimentally. Finally we set them as 20 and 12 μm,
respectively.

Fig. 2 Maximum spectrum shift of fabricated DLI as a function of total
groove length difference.



NASU et al.: COMPACT AND ATHERMAL DQPSK DEMODULATOR WITH SILICA-BASED PLANAR LIGHTWAVE CIRCUIT
1193

Fig. 3 (a) Excess loss and (b) excess loss imbalance at the grooves as a
function of waveguide width (W) and number of grooves.

To evaluate the impact of an excess loss imbalance of
0.2 dB, we calculated the extinction ratio of the DLI by us-
ing 2by2 transmission matrix. The calculation took account
of the loss imbalance at the couplers. We used 2 × 2 multi-
mode interference (MMI) couplers as the divider and com-
biner in the DLI. In general, an MMI coupler optimized
for the smallest excess loss is not always optimized for the
smallest loss imbalance [24]. The MMI coupler that we
used in our DLI had a loss imbalance of 0.35 dB between
two outputs. Figure 4 shows the calculated extinction ratio
dependence on the loss imbalance at the waveguide arms.
As shown in the figure, the extinction ratio from port In-1 is
better than that from port In-2. This is because the excess
loss imbalance at the waveguide arms is canceled out by the
loss imbalance at the couplers when port In-1 is used.

Figure 5 shows the measured extinction ratio of our
DLI, which agrees with our calculation results. We con-
firmed experimentally that by using input port In-1 an ex-
tinction ratio of about −30 dB can be achieved over a wide
wavelength range of 1520 to 1620 nm.

Finally, we measured the DLI fabricated with the op-
timized groove parameters. Figure 6 shows the measured
temperature dependent center frequency shift of the DLI.
The frequency shift within a −20 to 70◦C temperature range
was suppressed to less than 1/10 that of a conventional DLI.

Fig. 4 Calculated extinction ratio of DLI. The loss imbalance is the ex-
cess loss difference between waveguide arms with resin-filled grooves.
This is positive when the excess loss of the long arm is larger than that
of the short arm. The port number in the legend is defined in Fig. 1(b). The
MMI coupling ratio was 0.48.

Fig. 5 Measured extinction ratio of DLI.

Fig. 6 Spectral shift of DLI with changing temperature.

The remaining frequency shift was sufficiently small to be
eliminated by the phase shifter on the DLI.
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2.2 Athermalization of Birefringence

Polarization dependence, one of the key parameters of a
DQPSK demodulator, depends strongly on the waveguide
birefringence. In terms of polarization dependence, the PDf
in particular is changed when the birefringence changes with
temperature. Therefore, to realize an athermal DQPSK de-
modulator, we need to eliminate the temperature depen-
dence of the birefringence as well as the temperature de-
pendence of the refractive index.

The birefringence of our conventional PLC has a tem-
perature dependence of 1.0 × 10−5/◦C. This change is neg-
ligible for conventional PLC applications such as AWGs
and optical switches. However, it must be suppressed for
DQPSK demodulator applications.

Birefringence generally results from asymmetric stress
around a waveguide core. The birefringence, B, is written
with the horizontal (σx) and vertical (σy) components of the
stress in the core (horizontal means it is horizontal to the Si
substrate) as

B = C · (σx − σy), (1)

where C is the stress optic coefficient. The asymmetric
stress in the core, σx−σy, develops during high-temperature
processes such as glass deposition. Although the amount of
stress is determined by the thermal expansion coefficients
of each layer (Si substrate, cladding and core) and its ther-
mal history, we can use the approximation that the stress re-
sults from the overcladding deposition [25]. In this case, the
asymmetric stress can be represented by the difference be-
tween the thermal expansion coefficients of the silicon sub-
strate (αS i) and that of the overcladding glass (αOC) as

σX − σY ≈ σX =

∫ Tg

T

EOC(αS i − αOC)
1 − νOC

dT . (2)

EOC and νOC are Poisson’s ratio and Young’s modulus of
the overcladding glass, respectively. T is the temperature,

Fig. 7 Temperature dependence of birefringence (a) and PDf (b) with
conventional glass and developed glass.

and Tg is the temperature at which the overcladding glass
begins to generate stress. We thus obtain the temperature
dependence of waveguide birefringence as

dB
dT
≈ C · EOC(αS i − αOC)

1 − νOC
. (3)

As shown in Eq. (3), we can eliminate the temperature de-
pendence of the waveguide birefringence by matching the
thermal expansion coefficient of the glass (αOC) to that of
the silicon substrate (αS i). The thermal expansion coeffi-
cient of the glass can be engineered by controlling its dopant
concentration [25].

We fabricated DLI circuits to confirm that the temper-
ature dependence of the waveguide birefringence was sup-
pressed. We used two types of overcladding glass; one was
conventional glass and the other was the glass we devel-
oped to suppress the temperature dependence of the birefrin-
gence. Figure 7(a) shows the measured temperature depen-
dent birefringence, where we estimated the birefringence
from the spectral shift between the transverse electric (TE)
and transverse magnetic (TM) modes. We confirmed that
the temperature dependence of the birefringence was suc-
cessfully suppressed over a wide temperature range.

Figure 7(b) shows the measured PDf as a function of
DLI temperature, where the PDf was estimated from the
measured Mueller matrix of the DLI. We successfully re-
duced the temperature dependence of the PDf with the de-
veloped glass to less than 1/10 of that with conventional
glass.

3. Evaluation of Athermal DQPSK Demodulator

3.1 Interwoven Layout of Athermal DQPSK Demodulator

Basically, a DQPSK demodulator is equipped with two
DLIs. Both DLIs have a time delay of approximately one
symbol period, and a phase difference of 90◦. Figure 8
shows the circuit layout of a DQPSK demodulator based
on our proposed interwoven DLI configuration [20]. The
two DLIs are interwoven to reduce their footprint. A half-
wave plate is installed between the DLIs to compensate for
their polarization dependence. The thin film heaters used
to tune the center frequency of the DLIs and the resin filled

Fig. 8 Circuit of DQPSK demodulator with interwoven configuration.
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Fig. 9 The PDf change when the phase shifter is driven. “Symmetric”
means the same power is applied to the heaters on both sides of the half-
wave plate. “Asymmetric” means the power is applied unilaterally.

Fig. 10 Image of the DQPSK demodulator module.

grooves are set so that they are symmetrical with respect
to the half-wave plate. When they are driven, the thin film
heaters generate thermal stress around the core. As we po-
sition the heaters so that they are symmetrical with regard
to the half-wave plate and drive them simultaneously, the
half-wave plate can cancel out the generated stress.

Figure 9 shows the PDf change when electric power
is applied to the thin film heaters. When the power is only
applied to the heater on one side, we observe a considerable
PDf increase. In contrast, when we drive the heaters on both
sides simultaneously, there is no degradation in the PDf, as
the stress generated at the heaters is canceled out. It should
be noted that our proposed interwoven configuration enables
us to install all the phase shifters in a symmetrical manner
unlike the conventional configuration [9], and allows us to
suppress the PDf degradation.

3.2 Fabrication and Evaluation Results

We fabricated athermal DQPSK demodulators with the
athermalization methods described in Sect. 2 and the in-
terwoven configuration described in the previous section.
The refractive index difference and waveguide core thick-
ness were 1.5% and 4.5 μm, respectively. The FSRs of the
two DLIs were set at 21.9 GHz. Figure 10 shows the pack-
aged athermal DQPSK demodulator. The package size was

Fig. 11 Maximum power consumption of converntional and athermal
demodulator.

40 × 12 × 5.2 mm.
Figure 11 shows the power consumption of our fabri-

cated athermal DQPSK demodulator as a function of ambi-
ent temperature. The result for a conventional demodula-
tor with TEC control is also shown for comparison. Both
demodulators have a power consumption offset of 1.0 W,
which is the maximum power consumption of heaters for
tuning the DLI spectrum of both the I and Q channels to
the ITU-T grid frequencies. The conventional demodula-
tor requires an additional power consumption of about 2 W
to stabilize the chip temperature with the TEC. In contrast,
the athermal demodulator can stabilize the chip tempera-
ture without consuming any power. The maximum power
consumption of the athermal demodulator was only 1.4 W
including the power needed to compensate for the residual
temperature dependence described in Sect. 2.1, and is 60%
lower than that of a conventional demodulator [9].

Figure 12(a) shows the transmission spectra of the de-
modulator at ambient temperatures of −5, 20 and 70◦C. The
residual temperature dependence of the chip was compen-
sated with the heaters. The phase differences between the
I and Q DLIs were adjusted to 90◦ also by using the phase
shifters. The transmission spectra at different ambient tem-
peratures are in good agreement. This result shows that the
DLI spectrum is successfully athermalized. The measured
insertion loss of the demodulator was 5.8 dB.

Figure 12(b) shows our measured maximum PDf
within the C-band as a function of ambient temperature. It
should be noted that the wavelength dependence of the PDf
was less than 30 MHz within the C-band. As shown in the
figure, the PDf was better than 170 MHz, and had very lit-
tle temperature dependence. This result indicates that the
birefringence was successfully athermalized.

We measured the bit error rate (BER) with our demod-
ulator by changing the OSNR over a −5 to 70◦C temperature
range. Figure 13(a) shows BER vs. OSNR at different tem-
peratures. Figure 13(b) shows the temperature dependence
of the OSNR that was required for BER = 10−3. The de-
viation was less than 0.1 dB, and this result shows that the
fabricated demodulator exhibited no OSNR temperature de-
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Fig. 12 (a) The transmission spectra of all four demodulator ports at
−5◦C, 20◦C and 70◦C are overwritten. (b) Temperature dependence of
fabricated demodulator for all port.

pendence. With our conventional DQPSK demodulator with
the TEC, the OSNR at BER = 10−3 was 12.45 dB, and this
was almost the same as that of our developed demodulator
without the TEC.

We also investigated the stability with respect to the
temperature change caused by the phase shifter. With the
TEC, even if the heat was induced around the phase shifter,
the chip temperature could be kept constant. However, with-
out the TEC, the heat from phase shifter on a chip changed
the chip temperature itself, and this may interfere with the
demodulator performance. This problem may occur when
the DLI characteristics are tuned to follow the wavelength
deviation of the input DQPSK signals in a real system. So
we measured the step response of the BER when the phase
shifter switched to the on state.

Figure 14 shows the time evolution of the chip temper-
ature and BER. We preliminarily tuned the center frequency
of the DLI to the signal frequency with the heater power,
and we adjusted OSNR to make BER became about 10−3 by
adding ASE noise to the signal. For time = 0, we applied
a heater power of 350 mW. After applying the power, the
chip temperature gradually increased. On the other hand, the
BER became rapidly 10−3 within 100 ms and did not change
as the temperature increased. This power corresponded to a
change of about 15 GHz in the DLI spectrum. In a real sys-
tem, such a large frequency change or the incidental temper-
ature change owing to the heat from the phase shifter may
not occur. Even when there is the rapid temperature change

Fig. 13 Bit error rate measurement of our demodulator. (a) OSNR de-
pendence on bit error rate over a −5 to 70◦C for channels I and Q. (b)
OSNR over a −5 to 70◦C temperature range at a bit error rate of 10-3.

Fig. 14 Change of bit error rate and chip temperature while the phase
shifter was on state at time = 0. The power to the phase shifter was 350 mW,
which corresponded to a demodulator frequency shift of 15 GHz.

owing to the phase shifter with such a large power, our de-
modulator continued to provide good performance.

We also investigated the reliability of our chip. As
shown in Fig. 15, the PDf change was less than ±20 MHz
over 5000 hours. This value was almost the same as the
accuracy limit of the measurement. From this result, we
confirmed that our demodulator had good reliability.
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Fig. 15 Reliability test. High temperature and high humidity storage and
high temperature storage was done. Reference chip was kept in the room
temperature. The test was done with the bare chip.

4. Conclusions

We studied the athermalization of a silica-based DQPSK de-
modulator. We described two athermalization methods; the
athermalization of the transmission spectrum and the ather-
malization of the polarization property. These methods were
successfully demonstrated by reducing the temperature de-
pendence of the refractive index and birefringence of the
waveguides. By taking account the loss imbalance due to
the resin-filled grooves, we compensated the temperature
dependence of the refractive index of the waveguide with-
out degrading the extinction ratio of the DLI. In addition,
we tuned the glass expansion to reduce the temperature de-
pendence of the waveguide birefringence, and we achieved
an athermal PDf. As a result, the temperature dependence
of the DQPSK demodulator was sufficiently low during de-
modulation, and the TEC became unnecessary. This helped
us to reduce the maximum power consumption and the mod-
ule thickness by 60% and 45%, respectively, compared with
the conventional values. We also examined the response and
reliability of our demodulator, and we confirmed that our de-
modulator exhibited stable demodulation performance and
long-term reliability.
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