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Abstract

Optical amplitude and phase modulators are an integral part of modern optical communica-
tions systems. As optical data formats transitioned from encoding amplitude exclusively to
both amplitude and phase, several different methods for creating the quadrature amplitude
modulation (QAM) have been proposed, demonstrated and employed. This paper will
provide an overview and analysis of current techniques for creating these signals and will
then show how a more elegant and efficient design is possible by taking advantage of the
phase properties of multimode interference devices (MMIs). Using two 2 x 2 MMIs in a
Mach Zehnder configuration is a well-known technique for creating a BPSK signal using
phase modulators and has also been shown to work with amplitude modulators. This
paper will also show how two 4 x 4 MMIs can be used to create QAM signals using either
phase or amplitude modulation.

Keywords: multimode interference; MMI; QPSK; QAM; modulator

1. Introduction

The continuous growth of data heavy applications, such as artificial intelligence,
quantum processing and online video streaming has resulted in an ever-increasing demand
for more bandwidth in data centers and the internet. Optical fiber communication enables
the highest data rates and has come to dominate high bandwidth communication links.
Optical fibers require space, and for long haul communications, significant but finite
infrastructure. It has been practical for economic reasons to increase the information
spectral density in the fiber as much as possible and as a result data is being encoded into
the amplitude, phase and polarization of the optical signal. Polarization multiplexing is
accomplished using a polarization preserving splitter or combiner [1]. In comparison, there
are multiple techniques that can be used to vary amplitude and/or phase.

The Kerr [2] or Pockels [3] effect is used in electro-optic materials such as Lithium
Niobate for phase modulation [4]; the Franz-Keldysh [5] or quantum confined Stark
effect [6] is used in most semiconductors for either phase [7] or amplitude [6] modulation;
and carrier injection/depletion [8] is used in group IV semiconductors for amplitude [9]
or phase modulation [10]. The individual amplitude or phase modulation elements can
then be combined to create larger modulators that can create signals using both amplitude
and phase (IQ-Modulators) [11]. IQ-Modulators built as photonic integrated circuits (PICs)
provide substantial size and cost advantages over free space versions and will be the
subject of this paper. Different PIC designs of IQ-Modulators will be compared, and it will
be shown that by using multimode interference devices (MMIs) [12], simpler and more
efficient IQ-Modulators can be formed.
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2. Categorization and Description of IQ Modulators

IQ-Modulators are large photonic integrated circuits (PICs) formed from several
different photonic device components including amplitude or phase modulators, splitters,
combiners and phase adjusters. In this paper, IQ-Modulator will be used to describe these
larger PICs. Typically, an IQ-Modulator is made from two Mach Zehnder modulators
(MZMs) [13,14], each of which can create a binary phase shift keying (BPSK), or more
generally, a M-ary pulse amplitude modulation (M-PAM) signal. These components will
be referred to in this paper as intensity modulators, or I-Modulators, since they create
signals along a single axis of the constellation diagram. The words amplitude or phase
modulator will then be used to describe a single device that generates either amplitude or
phase modulation. Thus, a typical I-Modulator is made using two phase modulators in
parallel between a splitter and combiner in a MZM configuration [13].

Splitters as used in photonic integrated circuits (PICs) can be formed using directional
couplers [15], Y-branch couplers [16], star couplers [17] and multimode interference devices
(MMIs) [12]. When the splitting or combining ratio is uniform, the function of all splitters
or combiners is the same, so in this paper MMIs will often be used for simplicity and
convenience. However, when a specific, non-uniform splitting or combining ratio is
required, a star coupler will be used.

The initial treatment will assume mathematically perfect devices that have no excess
loss, even though an accurate simulation will often predict an insertion loss that is non-
zero. Once those ideal (zero excess loss) devices are analyzed, more realistic devices will
be considered.

2.1. I-Modulator Building Blocks

In this paper, one general method will be considered for building an I-Modulator using
phase modulation and three methods using amplitude modulation. These are shown in
Figure 1. Figure 1a incorporates an MMI as a splitter (M) followed by two phase modulators
in parallel (2P) and then another MMI as a coupler (M). Thus, this [-Modulator design is
referred to as a M2PM I-Modulator. Note that this configuration does not require an MMI
and can be made using any optical splitter or combiner. Figure 1b describes an M2AM
I-Modulator design using a 2 x 2 MMI followed by two amplitude modulators in parallel
and then another MMI [18,19]. Figure 1c shows an M1AS I-Modulator [20] using an MMI
followed by an amplitude modulator in parallel with a waveguide that has a 7 phase shift
and then a star coupler as a combiner. Finally, Figure 1d shows an M2AS I-Modulator
that uses an MMI followed by two amplitude modulators in parallel, which have a phase
difference of 77, and then a star coupler to combine the signals [20].

(a) M2PM (b) M2AM
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L e EAM

(c) M1AS (d) M2AS

In il out In EAM —n/2 out
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Figure 1. I-Modulator designs, based on (a) two 2 x 2 MMIs with two phase modulation regions in
parallel (M2PM), (b) two 2 x 2 MMIs with two parallel EAMs representing amplitude modulation
regions (M2AM), (c) a2 x 2 MMI followed by a single amplitude modulation region in parallel with a

phase adjustment region and then a combiner represented by a star coupler (M1AS), (d) a 2 x 2 MMI
followed by two parallel amplitude modulation regions, phase adjustment and a combiner (M2AS).
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Note that the input and output MMIs can be replaced by star couplers or any other
splitter and combiner for all but the M2AM version (where the MMI phase is required).
This change will have no effect on the ideal (i.e., zero excess loss) theoretical performance
of the devices, but will reduce the efficiency of a practical device, since the excess loss in a
typical 1 x 2 or 2 x 2 MMl is less than from a typical star, Y-branch or directional coupler.
Similarly, the output star couplers can be replaced by a2 x 2 or 2 x 1 MML

2.2. IQ-Modulator Building Blocks

The general design of an IQ-Modulator uses two I-Modulators in parallel, with a 77/2
phase shift between the [-Modulators [11]. This general structure is shown in Figure 2a and
described as a M2IS IQ-Modulator as it uses an MMI splitter at the input and an output
star coupler with two I-Modulators in parallel between that have a phase difference of
7t/2. This design can be used with any of the I-Modulators described in Section 2.1. A
second method for making an IQ-Modulator is shown in Figure 2b [21], which uses an
initial star coupler followed by, in parallel: an amplitude modulator, a waveguide with a
—37/4 phase shift and a second amplitude modulator with a 7t/2 phase shift. These are
then combined using a second star coupler. This design is therefore referred to here as an
S52AS IQ-Modulator. Figure 2c shows a new design that uses four modulators (either phase
or amplitude) between two 4 x 4 MMIs, each of which has a phase shift of 1 compared
to the previous. Thus, it is referred to as an M4XM IQ-Modulator, where the X can refer
to either a phase modulator section (M4PM) or an amplitude modulator section (M4AM).
Other similar versions of the M4AM modulator have been proposed, but use more MMIs
(examples given used three, four and six MMIs) [22], resulting in an IQ-Modulator with
higher expected losses than the one proposed here.

(a) M2IS

MMI

(c) M4XM
In Out

—{ -moD [ /2

MOD

MOD

(b) S2AS MMI MMI
MOD 21

|

MOD 3

Figure 2. IQ-Modulator designs based on (a) a 2 x 2 MMI followed by parallel I-Modulators and a
phase adjustment region followed by a star coupler combiner (M2IS), (b) a1 x 3 star coupler followed
by two parallel EAMs representing amplitude modulation regions and phase adjustment regions
ending with a 3 x 1 star coupler (S2AS), (c) two 4 x 4 MMIs surrounding four parallel phase or
amplitude modulation regions including a 7r phase adjustment between each waveguide (M4XM,
thus M4PM for phase or M4AM for amplitude modulation).

2.3. Mathematical Building Blocks

To analyze and compare the different IQ modulator designs, a series of variables and
matrices will be used to represent the different transfer functions. For the analysis, all
devices will initially be assumed to have no excess loss as the effect of the excess loss can be
added after the analysis is complete. For example, an individual EAM used as an amplitude
modulator will use a simple scalar transmission value—t.
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The transfer functions for the MMI were calculated based on the work by Cooney [23],
such that 1 x 2 (which is a special case of a 3 x 3 MMI), 2 x 2 and 4 x 4 MMIs have the
transfer functions as shown in Figure 3. Thus, for an N x N MM], there are N input waveg-
uides. Using the transfer function, the amplitude and phase for each output waveguide
can then be calculated, as will be demonstrated in the next section.
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Figure 3. MMI transfer functions.

The star coupler is used to split light from one waveguide into multiple waveguides
or combine light from multiple waveguides into a single waveguide. The transfer functions
for both versions with arbitrary split ratios are shown in Equation (1), where Mg is the
transfer matrix of the star coupler, and s, j, is the proportion of light that goes through each
output of the star coupler.

M (split) = lzﬂ, M(combine) = [sa sb}; where : 2 +s2 =1 1)

The remaining components: phase modulators, amplitude modulators and phase
adjustment regions will all have a transfer function that takes the following form (examples
given for two or three parallel waveguides) as described by Equation (2), where ¢,
represents the transmission coefficient through each waveguide region.

t, 0 0
t, 0
lo”t],on,o o)
b 0 0 ¢t

The full set of transfer functions can be combined to calculate and compare the outputs
of each design, using the formalism shown in Equation (3):

Eout = - MzMoMyE;y, 3)

where Ej;, and E,,; describes the input and output Electric field; 1,2, 3 represent the order
of the transfer matrices-M;, which may be a selection of: 1 x 2,2 x 2 or 4 x 4 for an MM]I,
P for a phase modulator, ¢ for a phase adjustment region or A for an amplitude modulator.
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3. Comparison of IQ Modulators

Since an IQ-Modulator can be built using two I-Modulators in parallel (as in Figure 2a),
an analysis of the I-Modulators will be completed first.

3.1. Output Equations for I-Modulators

As a first example, the output of the M2PM modulator from Figure 1a is provided in
Equation (4), where M5 is the transfer function of a 2 x 2 MMI, and M is the transfer
function of a phase modulator region:

Envopm = Moo MpMoyrEy 4)

The transmission through the phase modulator sections can be written as: t,, t, = /%, ¢/,
Then Equation (4) can be expanded to calculate the transmission result, using a normalized
input electric field.

eT[1 i][e™a 0 JeT [t i][1] [ et —eitt
Evorm = —= | . ing, | 75 | ; T 5| (it iAg (%)
V2 i 1| 0 A% |2 1i 1]|0| 2 |i(efdn 4 eiA)

As a result, the output of the top waveguide (designated ‘a’) for different phase
modulations will be:

Apo = —App=—75: Emppm(a) =1

Apa = —Apy =5 :  Enppm(a) = -1

This indicates that the mathematical design of an ideal M2PM I-Modulator is lossless
since the output Electric field retains the same amplitude as the input. The output power in

(6)

a constellation is therefore also the same as the input power (Ppopp = Py, Eizn) for this
design of a mathematically ideal I-Modulator. The input power will be normalized through
the remainder of the analysis, giving a constellation power of Pyjppp = Py, = 1 for this
design. The expected losses can be added to this ideal result according to the components
used in the design. Thus, the output power of a constellation would be expected to be:
Pyoopm = Tg—x »Tp, where T, indicates the transmission through the element x due to excess
loss, and this design uses two 2 x 2 MMIs (T3, ,) and a phase modulation region (Tp).

Other I-Modulator designs are evaluated in Appendix A, and Table 1 includes a sum-
mary of those results for the I-Modulators shown in Figure 1. For the M1AS I-Modulator,
there is a phase adjustment region in parallel with an amplitude modulator. But since the
excess loss of an amplitude modulator is larger (so the transmission is smaller) than that of
a phase adjustment region (T4 < Tjy), the amplitude modulation region dominates. The
ideal results shown in the table are calculated when all excess losses are set to zero.

Table 1. I-Modulator output equations and constellation power.

I-Modulator Design Pyt (Ideal) Pyt
Figure 1a M2PM 1(0dB) T3,.,Tp
Figure 1b M2AM 1 (—6dB) 1T2.,Ta
Figure 1c M1AS 15 (—10dB) 5 T1x2TaTs
Figure 1d M2AS 1 (—6dB) AT TaTyTs

3.2. Output Equations for IQ-Modulators

An IQ-Modulator can be formed using the designs provided in Figure 2. The analysis
of the M2IS and S2AS modulators from Figure 2a,b have been provided in Appendix B,
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while the new IQ-Modulator design shown in Figure 2c is described here using a general
form that can be used with either phase or amplitude modulation.
The output of the M4AM modulator is:

Enmopm = MyxaMpMpyaMyssEiy )

Using the transfer functions, Equation (7) can be expanded to become:

-1 1 et |1 0 00 It O 0 0 e -1 1 et |1

ed et 1 |0 =1 00 [[0 f 00 |;[-1 eF ef 1 |0

eT e —1 00 1 0 00 t 0|21 ef 7 —-1/|]0

1 -1 ¢f [LOO 0 =1][0 0 0 t] |[¢F 1 -1 Ff |[0 ®)
(te —tp) +i(ta — tg) (B9 — b)) 4 (e!Bn — ¢iA0a)

L eF (—tattytte—ty) | E | e (—eBn g D0 4B — pina)

e (tatty+to+ty) |- MR N (A e )

—[(te = tp) —i(ta — t)] —[ (e — eiB) — (A0 — 101) ]

Here, the result using phase modulators was generated by changing t; — ¢/2% . Using
this design, a QPSK (or QAM) signal can be generated from the top (a) or bottom (d)
waveguide when the initial signal was inserted into the top (a) waveguide. These
two output signals are phase conjugated and can be used to provide additional advan-
tages compared to a simple IQ-Modulator design [24]. Based on symmetry, a QPSK signal
would also be generated from the top (a) or bottom (d) waveguide if the bottom (d) waveg-
uide was used for the input signal. Similarly, if the input signal was inserted into one of
the middle waveguides (b or c), a QPSK signal would be generated in either of the middle
output waveguides (b or c). To provide one example, four QPSK constellations can be
shown in the top waveguide (a) as shown in Equation (9):

Apa = Ape = 0; APy = Apy = :  Eppm(a) = 1(1+1)
Apo = Dpe = 15, Apy = Dpg =0 Epuapm(a) = 3(=1—1) o)
Apo = Ay = 0; Ape = Apg = Epappm(a) = 2(—1+1)

Apy = Ay = 75 Ape = Ay =0 Epapm(a) = 3(1—1)

The ideal output power for a constellation is therefore: Ppapps = 1/2, and by adding
losses through transmission elements, this becomes: Ppupy = 0.5 fo 4Tp. Here it has
been assumed that adding the extra 7t phase for each waveguide will have a negligible
loss, since this can be done by ensuring that the four parallel waveguides connecting
the two 4 x 4 MMIs are formed into a circular arc. Based on the separation between the
waveguides, an angle can be chosen that will result in the desired 7t phase change between
each waveguide, as shown in Figure 4. The required angle can be calculated according
to Equation (10), where A is the operating wavelength, n,¢ is the effective index of the
waveguide and d is the distance between waveguides.

A
Zdi’leff

Ap =1 = (znz‘fff> (0d) — 0 =

(10)

Thus, for a waveguide separation of 5 pm, an effective index of n,sf = 3 and an
operating waveguide of 1.55 um, the angle 6 ~ 3°. With such a small angle, the change in
the mode shape is negligible, thus minimizing the loss. Any mode mismatch losses can
be further eliminated by using waveguide designs that use continuous curvature [25] or
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=

even more optimized waveguide bends [26]. The analysis of the IQ-Modulator (shown in
Figure 4) utilizes Equations (8) and (9), which are used to calculate the output amplitude
and phase in each of the four output waveguides based on an optical input into the top
waveguide (a). Equation 8 uses the transfer function for the 4 x 4 MMI as shown in Figure 3.

FEE

Figure 4. Using a circular arc to create the 7w phase difference between each waveguide.

B

Using amplitude modulation, four QPSK constellations can also be created, as shown
in Equation (11):

th=t; =0 tc =ty =1: Epuam(a) = 1(1+1i)
te=ta=0ty=t;=1: Epaam(a) = 1(-1—1i) ”
te=tg=0;ty=t, =1: Epuam(a) = 1(-1+1i)
th=te=0te=t;=1: Epaam(a) = 1(1—1i)

The ideal output power for a constellation is therefore: Pyuan = 1/8, and by adding
losses through transmission elements, this becomes: Pypsap = 0.125 TZX 4Tp.
Table 2 includes a summary of the results for the different designs of IQ-Modulators.

Table 2. IQ-Modulator output equations and constellation power.

IQ-Modulator Design P,,: (Ideal) Pout
Figure 2a M2IS:M2PM 3 (-3dB) 3T Ty TpTsT2,
Figure 2a M2ISSM2AM £ (-9dB) tT1x2TpTaTs T3, 5
Figure 2a M2IS]M1AS 2 (—13dB) T2 TpTaT2
Figure 2a M2IS:M2AS L (-9dB) §TEaToTaTS
Figure 2b S2AS # (—11.8dB) £ T2TAT,
Figure 2c M4PM 3 (-3dB) 172 ,Tp
Figure 2c MAAM § (—9dB) $T2.,Ta

4. Discussion

The previous section has outlined a mathematical comparison of different 1Q-
Modulator designs using both phase and amplitude modulator elements. These fit into
three conceptual designs, which were shown in Figure 2. Characteristic excess losses as
shown in Table 3 will be used to further compare the different IQ-Modulator designs.
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Table 3. Estimated losses for different sections of the IQ-Modulators.
1Q-Modulator Section SiPho LiNbO; InP
Phase modulator : Tp 0.4 dB [27] 0.5 dB [28] 2 dB [29]
Phase adjuster : Ty 0.2 dB [30] 0.1dB [31] 0.5 dB [32]
Amplitude modulator : Ty 2.5 dB [33] N/A 3 dB [34]
1x2/2%x2MMI: Ti«2/Toxo 0.2 dB [35] 0.2 dB [36] 0.5 dB[12]
4 X 4MMI : Tyuy 0.3 dB [37] 0.4 [38] 1dB [12]
Star coupler Ts 0.1-0.2dB! 0.2-04dB ! 0.3-0.7dB!

! Star coupler losses are based on MMIs, which can typically be used to replace a star coupler.

4.1. IQ-Modulators Using Phase Modulation

It is well known that using phase modulation is advantageous in terms of insertion
loss (while typically showing a disadvantage in terms of size), and this is clear from the
equations provided. Both designs that used phase modulation (M2IS:M2PM and M4PM)
resulted in an ideal or excess loss-free output of Py,; = 0.5. When losses are added, the
designs diverge, since in the standard IQ-Modulator design, M2IS:M2PM has six serial
loss elements, while M4PM only has three. In addition, as previously pointed out, the
M4PM design has the advantage of naturally creating two phase conjugated QPSK (or
QAM) signals. This increase in useful output signal is made possible by using the phase
properties of the output MMI, instead of using a star coupler or MMI merely as an output
combiner. Using the characteristic losses from silicon photonics (SiPho), thin film Lithium
Niobate (LiNbO3) and InP based (InP) PICs, the two different IQ-Modulator designs based
on phase modulation are now compared in Table 4. The highest performance IQ-Modulator
based on phase modulation will use LiNbOs, although this will come at the expense of size
and difficulty in integrating with silicon.

Table 4. IQ-Modulator constellation power estimates using phase modulation.

IQ-Modulator Design SiPho LiNbO; InP
M2IS:M2PM —-7.9dB —4.4dB —-7.3dB
M4PM 2 —~7.6dB —4.3dB —~7dB

2 Lowest loss design.

4.2. 1Q-Modulators Using Amplitude Modulation

When building an IQ-Modulator using amplitude modulation, the differences between
the different designs are more significant. Three of the designs (M2IS:M2AM, M2IS:M2AS,
and M4AM) all show an ideal output of P,,; = 1/8. Yet, as with the previous comparison,
the M2IS designs have six or seven loss elements, compared to the three loss elements of
M4AM. The S2AS and M2IS:M1AS designs have inherent ideal losses that are considerably
higher, yielding idea outputs of P,,;; = 1/15 and P,,; = 1/20, respectively. The M4AM
design also produces two phase conjugated twin waves signals, just like the M4PM (phase
modulation) design. The use of phase with MMIs as input and output couplers in the
M4AM design provides this extra signal compared to the other designs that do not use the
phase of the output coupler. A comparison of these different IQ-Modulator designs using
amplitude modulation is provided in Table 5.

https:/ /doi.org/10.3390/photonics13010044
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Table 5. IQ-Modulator constellation power estimates using amplitude modulation.

IQ-Modulator Design SiPho InP
M2IS:M2AM —12.4dB —14.3 dB
M2IS:M1AS —16.3 dB —18.1dB
M2IS:M2AS —12.5dB —14.6 dB

S2AS —149dB —16.7 dB
M4AM 3 —12.1dB —14dB

3 Lowest loss design.

4.3. 1Q-Modulator Design Challenges and Limitations

For practical implementations of an IQ-Modulator, there are additional design chal-
lenges due to unintended effects such as imperfect lithography and unexpected phase
or amplitude changes. The extra losses due to phase adjustment regions have already
been accounted for in the previous analysis. Of particular concern is additional amplitude
modulation in a phase modulator region (or phase modulation in an amplitude modulation
region). This can be easily accounted for using the formalism introduced in this paper by
starting with regions of amplitude modulation where the individual transfer function was
given by a scalar transmission coefficient: t. An additional phase change can then be added
giving a new transmission through the modulator section of: te'?.

The addition of unintended bias-dependent loss in a phase adjustment region is well
known to degrade the extinction ratio performance of an I, or IQ-Modulator. In comparison,
the addition of a bias-dependent phase change in an amplitude modulator region will have
less adverse effects, since the amplitude of the signal has been reduced in the amplitude
modulator region and any additional phase change will have little effect. In addition, a
phase modulation region is typically more than an order of magnitude longer than an
amplitude modulation region using silicon or III-V materials, so any extra phase change
will be small.

If star couplers are used in the IQ-Modulator design, they will add an additional
challenge, since it is very difficult to achieve a star coupler with the designed coupling
ratios. As a result, the demonstrated S2AS IQ-Modulator design required power adjust-
ment regions, which further increased the insertion loss beyond what was theoretically
possible [21].

MMIs may also lead to an implementation challenge. When used as simple split-
ters or combiners, as in the M2PM, M1AS or M2AS designs, the MMIs can be used as
expected. However, when relying on the phase relationships in the MMIs, as required for
the M2AM or M4AM designs, the requirements of the MMIs are significantly higher. These
2 x 2 or 4 x 4 MMIs will need to be based on a deep etched waveguide to produce the
expected response.

One of the most important performance metrics of an IQ-Modulator is the frequency
response, or baud rate. None of the designs provided in this paper has any speed advantage,
as the speed is governed by the material platform (e.g., silicon, LINbOs, InP) used.

5. Conclusions

This paper provides a summary and analysis of different IQ-Modulator designs and
introduces a new, simpler IQ-Modulator design that requires less photonic components.
The new design is based on a pair of 4 x 4 MMIs and uses the phase relationships inherent in
the MMIs to match the ideal throughput of the best IQ-Modulator designs, while providing
two phase conjugated signals. When expected losses are considered, the new design shows
the potential to be lower loss than existing designs.
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Abbreviations

The following abbreviations are used in this manuscript:

MMI  Multimode interference

MZM  Mach Zehnder modulator

PAM  Pulse amplitude modulation
QAM  Quadrature amplitude modulation
BPSK  Binary phase shift keying

QPSK  Quadrature phase shift keying

PIC Photonic integrated circuit

Appendix A. I-Modulator Analysis

The M2PM I-Modulator was analyzed in Section 3, while the other I-Modulators will
be analyzed below.

Appendix A.1. M2AM I-Modulator
The output of the M2AM modulator from Figure 1b is:

Eypam = MaxoMaMooEjy (A1)

The amplitude modulator sections will remain as provided, so Equation (A1) is ex-
panded to calculate the result, using the normalized input electric field.

c et i fte o]et 1 i|[n] i
MAM = li 10 | v2l]i 1]||o] 2

As a result, the output of the top waveguide (designated ‘a’) for different amplitude

tg — fp

i(ts + 1) (A2)

modulations will be:
ta=1t,=0: Epam(a) =3

1 (A3)
ta=0; ty,=1: Eppam(a) =—3
Thus, the ideal output power for a constellation would be: Pyppapr = 1/4.
Appendix A.2. M1AS I-Modulator
The output of the M1AS modulator from Figure 1c is:
Emias = MsMapMisxaEiy (A4)

The first part of this equation will be evaluated separately, thus only including the
1 x 2 MM, E = M1><2Ein:
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iodE i
2 N 2110 |1
E = I8 0 s 1 :eli 0 (A5)
2 2
[ i f 0 \/E 1
—i 8 1
2 V2 2

Since the common phase term is not important for the calculation, and only two output
waveguides are used for a 1 x 2 MM]I, this transfer function can be simplified for this special
case to the following;:

1], 1h]. 1
Mixz = 7 [1] —E = NG [1] [1] = 2 [1] (A6)

Equation (A4) can be now expanded to calculate the result, using the normalized input
electric field.

1 -1 0| 1 |1 1
E =—|1 2 — 1] = —(1-2¢ A7
M14S \@{ } lo tb‘| NG L][ ] \/ﬁ( b) (A7)
where in an ideal structure: t, = 0 — 1, giving the following output:

ty=0: EMlAS:\/%fO

¢ (A8)
ty=1: Emias = ~ /10
The output power for a constellation would then be: P45 = 1/10.
Appendix A.3. M2AS I-Modulator
The output of the M2AS modulator from Figure 1d is:
Emaas = MsMpMaMixrEiy (A9)

Equation (A9) can be now expanded to calculate the result, using the normalized input
electric field.

1 i O0|[ta O] 1 |1 i
E =—|1 1 — 1] == (ta — ¢ A10
waas = 5| }[O —iHO tb]ﬁHH 5(ta— 1) (A10)
The output of the device will then be:

ta=1t,=0: Eppas=1 (ALD)
ta=0; tp=1: Eppas=—1%

The output power for a constellation would then be: Pypas = 1/4.

Appendix B. IQ-Modulator Analysis

The M4PM and M4AM IQ-Modulators shown in Figure 2c have been analyzed earlier
in the text. Here the remaining IQ-Modulators will be analyzed.

Appendix B.1. M21S IQ-Modulator

First the general M2IS IQ-Modulator will be considered, which can be made using any
of the I-Modulators previously evaluated in Section 3.1 and Appendix A.
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The output of the M2IS IQ-Modulator from Figure 2a is:
Emars = MsMpMiMisoEiy (A12)

Expanding this equation while using I, I to represent the transmission through the
two parallel I-'Modulators yields:

e ] I S H IR TCR TE EE

Since I; and I, represent the output from identical I-Modulators, the full output
becomes that of an IQ-Modulator. For example, using the results from Equations (3) and (4),
the full output will be:

Enmnis(M2PM) = i [(qu’” - eiA‘pb)l +i (E'M’” - eiA"”?)z} (A14)

Four QPSK constellations can be created using A¢ = £ 7. The output power of this
structure will be: Py15 = %Psz M= % For any I-Modulator with an output of P;, within
an IQ-Modulator, the output will be: Pyprs = %PI, and when losses are added this can
be expanded to: Pppjs = %Tlszstpj. Then, the results for all variations of the M2IS
IQ-Modulators can be found without any additional calculations.

Appendix B.2. S2AS 1Q-Modulator
The output of the S2AS IQ-Modulator from Figure 2b is:

Espps = MsMpMaMsE;y, (A15)

This equation is expanded using t,, t; to represent the transmission through the two
amplitude modulation sections to yield:

1 0 0]ft, 0 0 V2
1 - 1 1 ‘
Esas=—=[1 1 1][0 ¥ o] [0 1 0| | 1 |[1)=—=[@t—1)+it—1)] (A16)
V3 o o illo o «|VP|va v30

The output of this structure will then be: P45 = 1/15, which is then expanded to be:
Psyas = T2TATp/15.
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