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Abstract—In this paper, a metal-semiconductor-metal (MSM)
based photodetector for multiple wavelength discrimination is fully
introduced and analyzed. Its spectral response is programmable
electrically through a set of low-voltage binary patterns that can
be generated from CMOS circuits. Consequently, the wavelength
reconfiguration time of the detector is set primarily by the elec-
tronics switching time, which is on the order of nanoseconds. Ad-
ditionally, the spectral response of the detector can be arbitrarily
shaped for any specific system need based on algorithms we intro-
duce here. The nanosecond wavelength reconfigurability feature
of the detector offers flexibility for designing high-efficiency wave-
length reconfigurable optical networks.

Index  Terms—Dense wavelength-division  multiplexing
(DWDM), metal-semiconductor-metal (MSM) photodetector,
optical access network, optical code division multiple access
(OCDMA), optical sensing, passive optical network (PON),
reconfigurable WDM network, telecommunication, tunable pho-
todetector.

I. INTRODUCTION

avelength-division multiplexing (WDM) is a promising
W technique to share the large fiber bandwidths among
many users. In order to leverage the resources of WDM
networks in an efficient and flexible manner, incorporating dy-
namic wavelength allocation in the WDM networks is very ben-
eficial. In addition to the reconfigurability of WDM networks,
packet switching is another trend for future networks. Incorpo-
rating dynamic wavelength allocation in the packet-switching
network can further utilize the network resources in a much
more efficient, flexible, and robust manner. Combining the
two future trends together to perform packet-based wavelength
tuning, the wavelength transition time between two adjacent
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packets needs to be much shorter than the packet length. For a
packet that is of microsecond length, the transition time needs to
be in a nanosecond scale. Unfortunately, wavelength-switching
access times of all of the currently available tunable filters and
photodetectors are relatively slow, ranging from a few seconds
to a few microseconds, depending on the device’s working prin-
ciple [1]. For example, acoutsto-optical tunable filters (AOTFs)
have microsecond tuning time [2]. Microelectromechanical
system (MEMS) based tunable filters usually have millisecond
tuning time and require tens of volts to bias, which prohibit
their integration with CMOS electronics [3]. Thermally tuned
filters usually have millisecond tuning time and are definitely
temperature-sensitive [4]. Intrinsic-absorption-based tunable
photodetectors have the potential to tune fast. (Intrinsic-absorp-
tion-based detectors refer to devices whose photon absorption
process and spectrum are based on a physical property of the
device, as in, for example, electrically biased quantum wells.)
However, the tuning range of such intrinsic-absorption-based
devices is small and they usually require large biasing voltages
to achieve the absorption contrast ratio specification of systems
[5]; these large voltages also inhibit intimate integration with
CMOS control electronics. Besides, their spectral responses
are less easy to shape for specific system applications. For the
new device that will be introduced in this paper, the spectral re-
sponse can be simply retrimmed/reshaped in arbitrary forms for
specific system needs simply by applying another low-voltage
binary pattern. The low-voltage binary biasing feature signif-
icantly reduces the design complexity of the driver circuits,
which means that no delicate analog electronics is needed.

To understand the operation of the device, we have to first un-
derstand the optics associated with it. Most of the optical devices
that can discriminate one wavelength from others either have ex-
ternal optical wave interferences or resonators, or have internal
resonant transitions (e.g., quantum mechanical transition ener-
gies or bandgaps). For the external optical approaches, the in-
coming signal interferes with itself to generate wavelength-de-
pendent patterns (as in a grating demultiplexer) or resonances
(as in a Fabry—Perot cavity), so that we can design optical de-
vices with specific photon-absorbing spectrums based on these
patterns or resonances. For this device, we use externally gen-
erated interference patterns so that we can take advantage of the
relative position between the interference patterns and photode-
tector elements [metal-semiconductor-metal (MSM) devices]
to generate specific spectral responses in the resulting photocur-
rent.

Specifically, in our new approach [1], we interfere a beam
with a delayed version of itself to form an interference pattern
on top of the multiple fingers of an MSM photodetector struc-
ture. The multiple fingers can be individually either positively
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or negatively biased to generate corresponding positive or neg-
ative photocurrent from the device. Then, we can choose an ap-
propriate pattern of positive and negative biases of the MSM
elements such that the net photocurrent collected is only from
the desired wavelength, with cancelation of the current from the
undesired wavelengths. Since the biasing pattern is simply a bi-
nary pattern of positive and negative voltages, the wavelength
reconfiguration speed is essentially limited only by the elec-
tronic switching times of the bias pattern. We have already ex-
perimentally demonstrated a nanosecond wavelength reconfig-
uration time by flip-chip bonding the detector on a customized
CMOS driver/receiver system [6]. In addition, we have also ex-
perimentally demonstrated that the spectral response of the de-
tector can be shaped by using multiple different interference pat-
terns to illuminate the device [7].

In this paper, we will theoretically describe how to design
this CMOS-controlled tunable photodetector for multiple wave-
length discrimination from our derived interference model in
[1]. We will introduce two design algorithms for this device as
design references: one is based on Fourier series, and the other
is actually a very special and interesting case of the Fourier-se-
ries-based design algorithm converged in “SINC” form. Both of
them share the same orthogonal basis, which will be described
in Section II, for spectrum synthesis.

II. ORTHOGONAL BASIS AND PHYSICAL DEVICES

Our device design is based on a Fourier series technique,
which will be explained well in Section III. In this section, we
will discuss the relation of the mathematical orthogonal basis
functions of the Fourier series and the device physical struc-
tures.

As we have mentioned in Section I, most of the wavelength-
sensitive optical devices rely on interference of the signal wave
in one form or another. The key to the operation of our device
is the interference of a beam with a delayed version of itself
on a multifingered detector. Fig. 1 is an example of a simpli-
fied Michelson interferometer unit as a standing wave generator.
Other possible free-space interferometer configurations are dis-
cussed in [8]. In Fig. 1, the monochromatic tunable source beam
enters from the bottom and splits into two parts at the 50/50
beam splitter into two paths of possibly different lengths. Then
these two beams are interfered on the device through a con-
verging lens. (In practical operation in networks, we would have
a waveglength-division-multiplexed signal beam instead of the
tunable monochromatic source.) The path length difference be-
tween the two interfering beams in Fig. 1 is 2|Lo — L1| = Ad
and 6/2 is the incident angle of the two interfering beams. This
path length Ad is a very important parameter to determine both
how rapidly the interference pattern changes cyclically as we
change the wavelength (what we will call the first harmonic
repetition rate) and for aligning the spatial position (or spatial
phase) of the interference pattern on the device to set the precise
center wavelength of the desired response. Equivalently, we can
think of the first harmonic repetition rate as corresponding to an
effective free spectral range (FSR) of the device. The incident
angle of the two interfering beams determines the spatial width
of the fringe. In our application, the interference pattern landing
area of the device has to be the same as the fringe width.

In the first-order approximation and as derived in [1], by
ignoring the constant term, the interference pattern intensity
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Fig. 1. Simplified Michelson interferometer as both the standing wave gener-
ator and the WDM channel spacing controller.

can be expressed as in (1), where )\q is the center wave-
length of the signal (the monochromatic tunable wavelength
in Fig. 1), n is the refractive index of the medium, which
is air in our prototype system, kiny = 4wnsin(6/2)/Ao
is the wave vector of the spatial interference pattern,
B(Ad) = 2mnAd/)\o is a constant phase term associated
with Ad, and ®(\, Ad) = 27rnAd()\ — Xg)/A3 is the phase
term associated with both path length difference Ad and any
wavelength A. The interference pattern intensity is actually
always a positive number, but we always need to bias our
device section under the illumination of the interference in a
way that the averaging intensity term in the interference pattern
is canceled out, which will also be explained later. Hence, for
simplicity, we just ignore the constant term in our interference
pattern formula in the following equation:

I(2,\) o cos(kinez + B(Ad) — BN, Ad)). (1)

If A is exactly at Ay in (1), then the interference pattern inten-
sity is in cosinusoidal along the z axis as expected.

The basic device structure has N fingers with half of them
positively biased and half of them negatively biased, as always
in our design. Since MSM photodetectors, shown in simplified
versions in Fig. 2(a) and (b), have symmetrical physical struc-
tures, they should have symmetrical photocurrent response for
positive and negative bias voltages, as shown in Fig. 2(c), if both
the Bias electrode and the Gnd electrode are coated with the
same type of metal. If the device is biased positively to the vir-
tual ground node, photocurrent flows from the biasing node to
the virtual ground node and vice versa. Hence, by referring to
Fig. 3, any constant term in the interference pattern illuminating
on the device will cause zero net photocurrent response out of
the detector. That is why we can ignore the constant term in the
intensity form and reduce it to be as in (1) for further mathemat-
ical analysis.

For simplicity, we take a two-fingered device, with one finger
positively biased and the other negatively biased, as shown in
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Fig. 2 (a) MSM photodetectors have symmetrical physical structures to cause
symmetrical photocurrent response to CW beam with respect to O V across the
two terminals. (b) Cross-section view of the MSM device in Fig. 2(a). If the
Bias electrode and the Gnd electrode are coated with the same type of metal,
the Schottky barriers between the Gnd node to the intrinsically doped semicon-
ductor and the Bias node to the intrinsically doped semiconductor are exactly
the same. (c) MSM photodetector, fabricated on InGaAs active layer with In-
GaAs/InAlAs barrier layer, has symmetrical photocurrent response under the
illumination of 1550 nm CW beam with respect to 0 V across the two terminals.
The different traces in the figure correspond to photocurrent responses with re-
spect to different illuminating optical power intensity.

Fig. 3, to show that the device structure together with interfer-
ence pattern shining on it can correspond to a basis function of
a Fourier series.

For the device structure in Fig. 3, let us positively bias region
I and negatively bias region II. First, we can choose Ad such
that 3(Ad) = —n/2 in I(z, A), so that the interference pattern
at the center wavelength )\ is shown as the dashed, blue sinu-
soidal shape in Fig. 3. With this choice, the photocurrent spec-
tral response of this simple MSM structure is cosinusoidal in the
wavelength domain with center wavelength g as in (2). We can
alternatively choose Ad such that 3(Ad) = 0in I(z, A), so that
the interference pattern at the center wavelength )¢ is shown
as solid, red cosinusoidal shape in Fig. 2. With this choice, the
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Fig. 3. Combination of both the solid interference pattern and the dashed in-
terference pattern, and the MSM device basis with two biasing nodes forms the
orthogonal basis of this tunable detector design.

photocurrent spectral response of this simple MSM structure is
sinusoidal in the wavelength domain with center wavelength )\
as in (3). In the derivation of (2) and (3), Vg stands for the sign
of the voltage that are applied to the biasing electrodes (i.e., here,
Vp takes a value of either +1 or —1 corresponding to the bias
polarity). We further assume that the width of the electrodes is
infinitely small. In fact, if the finger spacing and width are iden-
tical, we will get the same mathematical format as (2) and (3).
The only difference is the leading constant, which does not af-
fect the validity of the rest of the derivation

zZ=w

Iph_cos(A) X / I(Zy A)|[5’(Ad)=—‘1r/2\7BdZ
z=0
z=w/2
- / sin(kinez — ®(\, Ad))dz
z=0
- / sin(kintz — (A, Ad))dz
z=w/2
2rnA —
x cos(P(A, Ad)) = cos <W)
0
2
Tohsin(V) / I(2, Mpag—oVedz
z=0
z=w/2
= / cos(kintz — ®(\, Ad))dz
z=0
- cos(kintz — ®(A, Ad))dz
z=w/2

o sin(@(\, Ad)) = sin (M) .

AS
3)

By observing the relative position between the interference
pattern and the device biasing pattern in Fig. 3, we can see that
the solid, red interference pattern is symmetric with respect to
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the center line (2 = w/2) of the device. Hence, in this case, the
photocurrent response would be zero at the center wavelength
Ao. The dashed, blue interference pattern is antisymmetric with
respect to the center line (z = w/2) of the device. Therefore,
in this second case, the photocurrent response would be a max-
imum at the center wavelength \¢. For N wavelength discrimi-
nation, we will see in later sections of this paper that each basis
device section needs to have at least V fingers for this algorithm.
For each specific wavelength selection, we bias the fingers in
each basis device section as follows. Keeping the biasing pat-
tern in phase with the interference pattern will generate a cosi-
nusoidal harmonic spectral response as in (2). On the other hand,
keeping 7 /2 phase shift between the biasing pattern and the in-
terference pattern will generate a sinusoidal harmonic spectral
response as in (3).

Note that, as a first-order approximation, we use the path
length difference Ad to determine both the repetition rate (pe-
riod) of the spectral response with respect to wavelengths of the
basis device structure and the relative phase of the spectral re-
sponse with respect to wavelengths [the photocurrent format in
either sinusoidal form or cosinusoidal form in (2) or (3)]. How
do we use Ad to determine two parameters, the period [ Perioq
in (4)], and the phase [3(Ad)] of the response? The answer is
that we use the overall size of Ad to set the period, and a very
small adjustment, on a wavelength scale to set the phase. Let
us illustrate this by substituting numerical values for both pa-
rameters, Porioa and B(Ad). For Ay = 1.55 um, let us take
Perioa = 0.8 nm (100 GHz in the C-band) as an example, which
gives a value Ad, ~ 3 mm in this case. Now, imagine that we
make a small additional change dd to set the phase, i.e., we write
Ad = Ad, + 6d. From (4), the maximum amount of 3(Ad)
change we need is 21

o 2N ADN R @
LT T omnAd (g adymze P

As a result, we need to be able to have at most §(6d) =
2mndd/Ao|x,=1.55 pm = 2, and hence, we only need a change
6d ~ 1.55 pm. Therefore, the change required in Ad to set
the phase of the interference pattern is so small in practice that
it makes negligible difference to the period of the spectral re-
sponse.

By examining the numeric value Ad in the earlier example,
we can see that we should adjust Ad in millimeters in free-space
optics for FSR tuning and Ad in micrometers in free-space op-
tics for the relative phase between the interference pattern and
the illuminated device. In practical setup in the laboratory, we
use piezoelectric crystal to adjust Ad in micrometers, and we
move the whole reflecting mirror in one Michelson arm to ad-
just Ad in millimeters.

From the earlier derivations (2) and (3), we can have either a
cosinusoidal spectral response or a sinusoidal spectral response
as our basis device structures. We could also construct addi-
tional interference patterns in different interferometers in which
we choose Ad to be integer multiples of the fundamental dis-
tance. In this way, we can construct a device basis for engi-
neering spectral responses that go beyond a simple sinusoidal
response with wavelength. In (2), if Ad is doubled, the spec-
tral response runs two times faster with respect to wavelengths.
The corresponding device section, under the illumination of in-
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Fig. 4 (a) Synthesized device under the illumination of one solid interference
pattern, one dashed interference pattern, and one CW beam for two wavelength
discrimination. The device is a compact version of Fig. 6. (b) Fabricated device
of Fig. 4(a) is shown in the right photograph and the device under illumination is
in the left photograph, with an interference pattern on the left of the photograph
and a CW beam on the right of the photograph. The specific interference pattern
shown here is for the case of two overlapping interference patterns with different
path length delays, as discussed in Section III.

terference pattern with the path length difference 2Ad between
the two interfering beams, has a second harmonic spectral re-
sponse. In addition to this, we can use optical power intensity in
the corresponding interference pattern to control the amplitude
of the harmonic spectral response, assuming that the device is
not saturated with photons. As a result, this simple device struc-
ture along with its specific interference pattern phase and period
combination forms a complete orthogonal basis for Fourier-se-
ries-based spectral synthesis. We will discuss this multiple in-
terferometer approach in Section III.

If we take the basic device structure under the illumination
of either interference pattern in Fig. 3 and add another con-
tinuous-wave (CW) beam such that the lowest output value is
zero (rather than negative), we will get the measured spectral
response in Fig. 5 and a curve fit from (5). The synthesized de-
vice consisting of the basic device structure under the illumina-
tion of only the solid interference pattern for now and a dc shift
part is shown in Fig. 4(a). (Let us ignore the dashed interference
pattern in Fig. 4(a) for now.) Fig. 4(b) shows the pictures of the
fabricated device, and the device under the illumination of in-
terference patterns and a CW beam.

Since this synthesized device has a sinusoidal spectral re-
sponse with zero photocurrent minimum, this device can dis-
criminate between wavelengths near a local maximum and a
local zero minimum, as shown in Fig. 5. In terms of tuning, we
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Fig. 5. Measured spectral response of the synthesized device under the illumi-
nation of only the solid interference pattern in Fig. 4. The synthesized device
with this spectral response can discriminate between 1537.31 and 1537.54 nm
band.
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Fig. 6. Constructing the tunable detector with spectral response expressed in
(9) based on basis structure in Fig. 3.

just need to swap the biasing between regions I and II, and we
can get a totally complementary spectral response. Since we can
change the spectral response by just changing the biasing pat-
tern applied on the device, the switching speed of the device
response is limited by the switching electronics, which is in the
nanosecond range. The channel spacing in this measured device
system is ~0.23 nm and the path length difference between the
two interfering beams is ~5.138 mm. The device wafer struc-
ture and the measurement detail are clearly described in [7]

)]

III. FOURIER-SERIES-BASED DEVICE DESIGN

Ix()\) = 0.24826
(A — 1537.307)

1.007
[ +cos ( 0.46088

From the previous section and Fig. 3, we know that the
relative phase shift between the interference patterns from a
monochromatic source and the device biasing pattern deter-
mines the phase of the periodic spectral response. For a fixed
device structure and biasing pattern, we can adjust the path
length difference Ad to achieve all of the harmonic functions
in the orthogonal basis of Fourier series. In this section, we will
describe how to combine the basis device structures to construct
a photodetector with synthesized spectral response, allowing a
spectral response that goes beyond a simple sinusoidal form.
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From Fourier series theory, any periodic spectral response
centered at center wavelength )\ in the wavelength domain can
be expressed as superposition of a dc term, a fundamental term,
and all of the harmonics as shown in (6), where kg = 27/ Poriod,
with Pe,i0q being the period of the spectral response in the wave-
length domain, and a,, and b,,, can be expressed as in (7) and
(8), respectively, when m > 1

S(A\) =co+ Z @ cos(mko(A — X))

m=1
+ ) b sin(mko(A — Xo)) (6)
m=1
2
an = 3 / S\ cos(mbo(A — Ao))dA  (7)
eriod
(Period)
2
b = / SO\ sin(mko(A — Ao))dA. ()
eriod
(Period)

As a result, for any desired photocurrent spectral response,
we can use multiple copies of the structure in Fig. 3, along with
appropriate corresponding interference pattern phases, ampli-
tudes, and repetition rates in the wavelength domain and syn-
thesize it.

If S(\), the targeted detector spectral response, is an even
function with respect to the laser carrier wavelength Ay from the
transmitter side, which is usual for spectral responses of most
of the optical filters, b, is equal to zero. Under this circum-
stance, we just need the basis device biasing patterns in phase
with its corresponding interference pattern, like the dashed blue
one in Fig. 3, for any harmonics of the fundamental spectral
response. However, based on this design methodology, unlike
other types of optical filters, the spectral response of the detector
does not have to be symmetrical with respect to the laser carrier
wavelength for maybe some specific signal processing purpose.
In fact, only half of the spectrum information is enough to re-
cover the whole baseband information. For this case, we need to
use the device structure with both interference pattern phases in
Fig. 3 to synthesize the desired photocurrent spectral response.

Let us take two examples illustrating how to use the basis
device structure along with the corresponding interference pat-
terns to design detectors with desired spectral response. The
first example is to use two interference patterns with different
path length differences Ad to synthesize a spectral response
with relatively flat passband and stopband for two wavelength
discrimination. The goal of this design is to make the detector
almost square in its amplitude response, approximating a re-
peating square response with 50% duty cycle. If we decompose
this “spectral response” into its fundamental mode and the su-
perposition of all harmonics, we will get the following equation
if we truncate all of the higher order terms:

Tpn_ax ox <0.785 + cos <W)
0

1 2rnAd(A — Xg)
(s

For the spectral response in (9), we have two cosine terms:
one is the third harmonic of the other and the other is the DC
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Fig. 7. Measured spectral response of device structure under the illumination
of two interference patterns in Fig. 4(a).

term. Since there are two cosine terms in (9), we know that we
should use two copies of the basis device structure along with
the blue, dashed interference pattern in Fig. 3 and one DC term
to implement the detector, as shown in Fig. 6. The second copy
of the basis device should be illuminated from an interferometer
with three times as large a path length difference. Note that the
negative sign in front of the third harmonic cosine term corre-
sponds to a 7 phase shift with respect to the dashed, blue inter-
ference pattern for the basis device structure in Fig. 3. The ratio
of the dc value and the coefficients in front of the cosine terms in
absolute value corresponds to the relative interference power in-
tensity among the CW beam, the first harmonic interference, and
the third harmonic interference. In Fig. 6, by combining the two
basis device structures together, we can get a compact device
under the illumination of two interference patterns in Fig. 4(a).
Now, we should look at both the solid and the dashed interfer-
ence patterns landing on the device in Fig. 4(a). Fig. 4(b) shows
the fabricated device, the device under the illumination of two
interference patterns, and one CW beam in the experiments. The
measured synthesized spectral response, curve fitted to (10), is
shown as the dotted line in Fig. 7

La(X) = 0.03592

(A—1536.499)
0835 + COS (W2ﬂ')

10
—0.2784 cos (Wiﬂ X 2m + 0.1) 10

In this experiment, the path length difference between the
two interfering beams of the first interference pattern is ~5.138
mm and the path length difference between the two interfering
beams of the second interference pattern is ~15.413 mm.
In (10), the detector can now discriminate not only between
1536.27 and 1536.50 nm with 0.23 nm channel spacing, but
also discriminate between signals in its relatively flat passband
and those in its similarly flat stopband. Comparing (9) and (10),
the experimental result matches the theoretical design relatively
well, although with 0.1 rad phase skew. The experiment and
wafer structure detail is described in [7].

As for the tunability of the device in Fig. 4(a), we just need
to swap the biasing polarity between region I and region II to
reconfigure the spectral response, changing the passband to the
stopband and vice versa.
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The second example is to use one fundamental term and
its second harmonic to design a detector discriminating four
wavelengths. In this example, the “space-to-mark ratio” of
its ideal spectral response determines the Fourier coefficients
among the dc and harmonics terms. In our example, we choose
the space-to-mark ratio to be three—i.e., ideally, the detector
would detect wavelengths within one “square” spectral band
and reject within an adjacent band three times wider. The
Fourier analysis of such a spectral band response is analogous
to that of square pulses with 25% duty cycle, and the targeted
synthesized spectral response is shown in (11). We get (11)
by decomposing a periodic pulse “train” with 25% duty cycle
in the wavelength domain into the fundamental term and a
superposition of all of the harmonics, and then truncate those
harmonic terms higher than the second

2rnA —
Typh_an (g +V2cos <47m d)fz)\ AO))
0

+cos <2w>> . an
0

The device implementation is illustrated in Fig. 8(a). The de-
vice in Fig. 8(a) has three sections corresponding to the DC sec-
tion, Section I for the fundamental term, and Section II for the
second harmonic term. Since we have only cosine terms in (11),
we just need to apply the biasing pattern in phase with the inter-
ference pattern for both Sections I and II. This is like the relative
device biasing and blue dashed interference pattern relation in
Fig. 3. The simulated spectral response for this biasing state is
shown as the thicker, darker trace in Fig. 9.

IV. DEVICE TUNING

So far we have described how to design an optical detector
with a filtering spectral response, but have not described how to
choose the biasing patterns applied on those device sections for
different wavelength selection. In this section, we will describe
how to choose these biasing patterns. The tuning algorithm we
describe here assumes the use of the minimum number of bi-
asing fingers per MSM harmonic section.

Let us take four-wavelength discrimination devices, with de-
signed spectral response as shown in (11), as an example. It is
quite illustrative to use the “constellation diagram” in Fig. 10
to describe this biasing algorithm. In Fig. 10, the x axis stands
for the wavelength A and the y axis stands for the “relative” in-
terference pattern phase shift with respect to wavelength \g, as
shown in the following equation and derived in [1]:

B(\, Ad) = 2rnAd/A3 - (A — Xo)- (12)

In Fig. 10, the solid line with slope 2rnAd /)2 represents the
relative interference pattern phase shift with respect to Ao for
the first harmonic (fundamental term) MSM device section and
the dashed line with slope 27rn(2Ad) /A2 represents the relative
interference pattern phase shift with respect to A for the second
harmonic MSM device section. For design simplicity concern,
let us choose the finger width of each MSM absorption region to
be identical. In other words, the semiconductor absorption area
corresponding to each finger is the same.

The goal of this device design is to use two MSM harmonic
sections to synthesize the spectral response of the detector to
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Fig. 8 (a) There are three sections, the DC section, and Sections I and II, in
this four-wavelength discrimination device. The interference pattern landing on
the device in Section II runs two times faster than that landing on the device in
Section I with respect to the wavelength. The photocurrent spectral response in
Section II is the second harmonic with respect to wavelength of the spectral re-
sponse in Section I. The device biasing pattern shown here is used to select the
first channel. (b) This device biasing pattern is used to select the second channel.
The biasing pattern changes in phase with the interference pattern. Comparing
the phase shift between the interference patterns landing on the device for this
state and the state in Fig. 8(a), there is a /2 phase shift for the interference
pattern landing on the device in Section I and there is a 7 phase shift for the in-
terference pattern landing on device in Section II. (¢) This device biasing pattern
is used to select the third channel. The biasing pattern changes in phase with the
interference pattern. (d) This device biasing pattern is used to select the fourth
channel. The biasing pattern changes in phase with the interference pattern.
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Fig. 9. Simulated spectral responses for this four-wavelength discrimination
device in the Fourier-series-based algorithm. The spectral response with a center
wavelength of 1550 nm is highlighted as the thicker trace.

be (11) for four wavelength discrimination. The easiest way is
to evenly distribute the four phases in the 27 period cycle for
the first harmonic section (the fundamental term section). (It
is not absolutely necessary to evenly distribute the four phases
in the 27 period cycle, but uneven distributions of phase will
lead to more MSM fingers per section.) Therefore, there are four
equally distributed constellation points, four solid dots, on the
solid line in Fig. 10. Since we have four evenly distributed con-
stellation points in the solid line in Fig. 10, we have four discrete
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Fig. 10. Constellation diagrams showing four discrete states of this four-wave-
length discrimination device. The y axis stands for the interference relative phase
shift of each discrete state with respect to the A state. The x axis stands for the
wavelength. The solid dots correspond to the phase of the interference pattern of
Section I, and the hollow dots correspond to that of Section II. At the A\, state,
the solid dot and the hollow dot overlap with each other.
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Fig. 11. Simulated spectral responses of the four-wavelength discrimination
device in a SINC-based algorithm. The spectral response with center wavelength
at 1550 nm is highlighted as the thicker trace.

phase states for the biasing pattern for the first device section.
As a result, we need to have at least four fingers for each sec-
tion of the four-wavelength discrimination device. Note that this
applies if we would like to evenly distribute any number of con-
stellation points within a 27 period cycle. Accordingly, the bi-
asing pattern applied on it should shift cyclically to the right for
one finger out of the total four fingers as the input wavelength
is switched to the adjacent channel.

The same biasing principle applies to the device section for
the second harmonic, except that the phase shift between each
adjacent constellation points is doubled for the second har-
monic case (tripled for the third harmonic case, etc.) compared
to the fundamental one. This is because the interference pattern
runs two times faster compared to the fundamental one as the
wavelength is tuned. Therefore, the phase shift between the two
adjacent constellation points (the hollow dots) in the second
harmonic mode line (the dashed line) in Fig. 11 has to be =.
Applying the same principle as we explained in Section I, we
should cyclically shift the biasing pattern to the right for two
fingers in Section II. Note that at state \¢, the solid dot overlaps
with the hollow dot in Fig. 10.

In fact, for each channel wavelength in the constellation di-
agram in Fig. 10, the vertical line we draw from the wave-
length axis should pass two constellation dots, corresponding to
the fundamental and the second harmonic terms. Fig. 8(a)—(d)
shows the biasing pattern of the four-wavelength discrimination
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device for each harmonic section. They also show the four inter-
ference pattern states corresponding to the four device biasing
patterns for four different channels.

By applying the same method to the device we have analyzed
in Fig. 4(a), it is very straightforward to understand that we just
need to toggle the two fingers in regions I and II of the device in
Fig. 4 to select the two channels with channel spectral response
shown in Fig. 7.

From the device tuning algorithm described in this section,
we can see that for a N wavelength discrimination device, we
need at least N fingers per MSM device harmonic section and
at least around log, N harmonic sections.

V. DEVICE DESIGN FLOW

In this section, we will summarize the device design flow for

the Fourier-series-based design algorithm.

1) Specify the spectral response for a single channel of the
device that meets the system requirement. Remember that
this spectral response has to be periodic although the spec-
tral response can be designed such that the period of the
response is longer than the band of interest.

2) Decompose the desired detector spectral response based on
Fourier series by using (6)—(8). In this step, the number of
harmonic device sections and the number of channels to be
discriminated should be determined.

3) Draw the figure for the device under design like Fig. 6 or
Fig. 8(a) based on Fig. 3.

4) Draw the constellation diagram like Fig. 10 to pattern the
MSM biasing patterns for each channel (wavelength) and
get a figure like Fig. 8(a)—(d).

5) These MSM biasing pattern in “binary format” can be re-
garded as a logic state, and standard logic finite-state ma-
chine technique can be used to design CMOS drivers to set
these states based on system needs.

VI. SINC-FUNCTION-BASED DESIGNS

The Fourier-series-based design described before is an ap-
proximation to the ideal spectral response, and we think this
Fourier-series-based design can be practically used to meet all
kinds of system requirements as long as more harmonics (in-
terference patterns) can be incorporated at the cost of increased
system complexity. In the Fourier-series-based design, we do
not design the spectral response of the detector to exactly nullify
some specific wavelengths. Instead, we specify the ripple am-
plitude in both passband and stopband, and the sharpness of the
transition band. Another interesting method for designing this
device is to nullify the exact center wavelength of the adjacent
channels, which will be described in this section. The disadvan-
tage of this design method is that the slopes of the detector spec-
tral response at the nullified wavelengths are relatively sharp
so that the response is sensitive to any wavelength variation
or modulation. However, it could be useful in some specific
sensing systems. Interestingly enough, the analytical form of
this design for discriminating wavelengths at a large number
will mathematically converge to a “sinc” function, which will
be derived later in this section.

In this design, we just need to use a subset of the orthogonal
functions in the orthogonal basis, which are “cosine” based or-
thogonal functions in odd order as in (2). Hence, in physical
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implementation, we just need to use the basis device structure
illuminated with interference patterns like the blue dashed in
Fig. 3.

Before deriving the mathematical results, we first note
some trigonometric identities. First, cos(7/4) + cos(37/4) =
0, cos(2m/4) + cos(6m/4) = 0, and cos(37/4) + cos(97/4) =
0. Second, cos(0) + cos(0) = 2. Based on these identities,
we can see that the spectral response, as shown in (13), will
give a four-wavelength discrimination device, i.e., a device
that responds to one wavelength but has exactly no response at
another three (equally spaced) wavelengths

2rnAd(N — X
Iph_ax_sine X (cos <—7m /\(2 O)>
0

+ cos <3—27mAd/\(2)\ — AO))) . (13)
0

Equation (13) can be plotted as the thick trace shown in
Fig. 11 for Ad = 0.3754 mm and )y = 1550 nm. The physical
meaning of the earlier equation is that we have two MSM
device sections under the illumination of two interference
patterns, respectively. The second interference pattern shining
on the second MSM device section moves three times faster
with respect to the wavelength than that of the first pattern
shining on the first MSM device section. The photocurrent
spectral response of the second MSM device section is the third
harmonic of that of the first one. This newly synthesized device,
with spectral response traces for four different biasing states as
shown in Fig. 11, can discriminate four wavelengths. Only one
wavelength is activated at a time. On wavelength tuning, the
biasing finger pattern applied on the device follows the same
guideline as that for the Fourier-series-based algorithm. We al-
ways positively bias the device sections under the illumination
of positive part of the interference pattern of (13) and negatively
bias the device sections under the illumination of negative part
of the interference pattern of (13). For the device designed
for four wavelength discrimination with the spectral response
shown in Fig. 11, we consequently need eight fingers per device
section because there are eight different possible regions of
positive or negative sign of interference, each spaced by 27 /8
rad of phase difference. Note that only four fingers per device
section are needed for the Fourier-series-based algorithm, as
described in Sections IV and V.

Another even simpler example is to design a two-wavelength
discrimination device. Again, let us observe the following
trigonometry relation: cos(m/2) = 0 and cos(0) = 1. The
physical meaning of the aforementioned math equations is
that we need only one two-fingered device section with one
interference pattern shining on it for two wavelength discrimi-
nation. This device can discriminate between two wavelengths
corresponding to two phases of an interference pattern. The
phase shift between the two phases is 7/2. A third example
is the design of a device that can discriminate among eight
wavelengths.

From cos(7/8)+cos(37/8)+cos(57/8)+cos(7mw/8) = 0, it
can be deduced that this device with four MSM sections can dis-
criminate eight wavelengths based on the same principle as that
for the four-wavelength discrimination device. As a conclusion
from induction, if we would like to discriminate between 2%
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wavelengths in this device, we need to have 2N -1 device sec-
tions and 2V ~! harmonic spectral responses with the same am-
plitude all added together. The first harmonic interference pat-
tern phase difference between adjacent channels is 27 /21,
The overall photocurrent spectral response is derived in (14) ac-
cording to the basis from (2), where we replace A — Aq in the
derivation by A\, 2rnAd /A3 by kg, and 2V~ — 1 by M.

The photocurrent convergence form derived in (14) so far has
no approximation at all. If we would like the generic deriva-
tion in (14) to be converged into an even more succinct form,
we need to impose one more constraint in (14) to link up kg
and 2VV. The constraint imposed on (14) is that we want the
channel spacing or FSR between two adjacent wavelengths to
be fixed as the number of wavelengths approaches 2. Since
we want the device to discriminate 2" wavelengths, we want
the interference pattern phase difference between two adjacent
wavelengths to be ®(\, Ad) = 27/2V*+1, as we deducted be-
fore. From ®(\, Ad) = 2rnAd(A — \g)/A3, we can set up the
FSR, FSR = X — )\, in (15). By substituting from (15) into
ko = 2mnAd /)¢, we will get (16)

oN—-1_1
TnA) = > coslko(2i + 1)(A = Ao)]
i=0
M
= cos[ko(2i + 1)A)]
i=0
M
== Z exp(jko(2i + 1)AX)
=0
+ exp(—jko(2i + 1)AN)]
M
1 . .
= 5 D_[exp(jkoAX) + exp(j3koAN)
i=0
+ exp(j5ko - AN) + -]
LM
+ 5 ;[exp(—jk‘gA)\)
+ exp(—j3koAN)
+ exp(— Jok‘oA/\) + -1
1 —exp(j2MkoAN)
- eXP(J AN 1 — exp(j2koAN)
1 . 1 — exp(—j2MkoAN)
- —ikoA
g Pk AN T AN
_ [exp(jkoAX) — exp(—jkoAN)]
~ 2[2 — exp(j2koAN) — exp(—52koAN)]
[exp(—72MkoAN) — exp(j2MkoAN)]
Sln(koA)\) .
= cos(Zhoan)] (R MAN)
_sin(2kgMAX)  sin(ko (2N — 2)AN)
2sin(koAN) 2sin(koAN)
(14)
2 2
2rnAd B(AAd) =25 2N+1nAd
15)
2rnAd 2
T X2 T FSR2N+U (16)
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TABLE I
COMPARISON BETWEEN THE TWO DEVICE DESIGN ALGORITHMS
Number of | Number First Biasing
wavelength | of MSM | Harmonic | fingers per
discriminati | sections | Phase Diff section
on (atlecast) | Between
channels
Fourier
Based N ~log, N 27/N N
Design
“SINC”
Based 2.’\’ 2N 1 2”/2/’\’4] 2,’\’4]
Design

By substituting (16) into (14), we will get (17) under the ap-
proximation of sin # ~ # when N is a very large number

sin (QWﬁ (22][\;—:12) A)\)

In(A) =
pt ( ) QSiH (ZWWA)\)
o sin (7 FSl;RA)‘) — oN-1 sin (7 5
2 FSR Fsrav AA ™ F%?{
AN
=2V"lgine <Wﬁ> an

From the convergence form in (17), we can see that the main
peak of the spectral response is the wavelength we would like
to activate, and all of the other nulls in the “sinc” are exactly the
wavelengths we would like to suppress.

The principle of physical device finger biasing is the same as
the Fourier-series-based device design. In this device design, if
we would like to discriminate 2" wavelengths, we need to have
at least 2V ~! device sections/interference harmonics and 2V +1
biasing fingers per device section. This device biasing algorithm
might not work well for high-data-rate telecommunication ap-
plications because the ripples of the “sinc” function can cause
severe crosstalk from the adjacent channels. However, since this
design can exactly desensitize to the center carrier wavelength,
it could be possibly useful for some sensing applications where
we want to suppress the detection of the exciting wavelength,
for example.

The comparison between the Fourier-series-based design al-
gorithm and this “sinc” based design algorithm is concluded in
Table 1.

VII. CONCLUSION

In this paper, we introduced and fully analyzed two possible
design algorithms for this novel class of CMOS-controlled
MSM-based tunable photodetectors. The first one is the
Fourier-series-based algorithm, which can be used to syn-
thesize any desired spectral responses, even responses not
symmetrical with respect to the center laser carrier wavelength.
Through this Fourier-series-based algorithm, the spectral
response can be synthesized to be relative flat in both the
passband/stopband and sharp in transition band, as would be
required in telecommunication application. The other algorithm
is the “sinc” function based algorithm. In this algorithm, the
spectral response converges to a “sinc” form as the number
of detector sections and interference patterns is large. This
“sinc” based algorithm allows one wavelength to be activated
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while exactly nullifying all of the other equally spaced channel
wavelengths. This could be useful for sensing applications.

The tuning mechanism of this detector is by electrically
changing the binary/digital biasing patterns applied on the
devices to select among the WDM channels. The wave-
length/channel reconfiguration time could therefore be much
shorter (nanosecond scale) than the data packet length in
telecommunication applications. Additionally, this wavelength
reconfiguring process is relatively robust because the biasing
pattern consists of a few binary digits, and this biasing pattern
control circuit can be easily implemented through CMOS
finite-state machine logic.

Component integration into one chip is critical for reducing
system cost and facilitating system integration, which is one of
the advantages we propose for this device. This paper merely
demonstrates the feasibility of the novel detecting scheme in a
proof of principle. In practical implementation, this apparatus
design should ultimately be monolithically integrated with the
detectors in order to form an integrated tunable detector or de-
multiplexing module.
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