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Abstract—In this paper mode filtered radio over multimode
fiber systems are analyzed by simulations. Several mode filters are
investigated such as mandrel wrap, air gap mode filter and single
mode fiber patchcord. The multimode fibers and the mode filters
are modeled, these models are implemented into VPI
Transmission Maker and frequency responses are analyzed.
According to the frequency responses, EVM analyses are also
carried out, and the most advantageous mode filter is selected. All
of these mode filters can reduce the effect of the modal dispersion
however, their effect is different and their insertion loss is different
too. The single mode fiber patchcord is the best choice when modal
dispersion is the dominant effect. Mandrel and air gap filter
provided better results if the noise is significant.

Index Terms—modal dispersion, mode filtering, multimode
fiber, radio over fiber, radio over multimode fiber

I. INTRODUCTION

PTICAL links are proper solutions for radio signal

transmission and distribution, because of the large
bandwidth and low attenuation of the optical fiber. The
combined optical-radio system, called Radio over Fiber (RoF),
is advantageous especially in indoor connections. In a RoF
system a central office (CO) is connected to a high number of
remote antenna units (RAUSs) due to the high number of users.
Therefore, the indoor RoF systems are cost sensitive, therefore
low cost solutions are necessary. One of the most important
ways to reduce the cost of the RoF link is the application of
multimode fibers (MMFs). The large core of MMF can reduce
the cost of installation, furthermore, older MMF connections
could have been found in a lot of buildings and several
government offices [1].

The MMFs are reasonable solutions for indoor RoF links,
however, MMFs have higher linear distortion effects than
single mode fibers (SMF). The main distorting effect is the
modal dispersion, which causes bandwidth limitation in the
link. The compensation of modal dispersion is an important
task, and it is a relevant problem in Radio over Multimode Fiber
(RoMMF) systems.

Several methods exist to reduce the effect of the modal
dispersion and increase the modal bandwidth. The most
important methods are mode filtering [2] and the offset launch
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technique [3]. As it is mentioned above, ROMMF concept is
cost sensitive, so simple and cheap solutions are preferred to
reduce the effect of the modal dispersion. As the offset launch
technique demands precise positioning of the light source, it
makes the alignment complicated. Hence the mode filtering
technique is more practical in ROMMEF than the offset launch
technique.

Several mode filters exist for different optical applications
[4], but they have different effect on modal dispersion. In this
paper the investigation of mode filters in ROMMF system is
discussed. Three different mode filter types are investigated by
simulations: mandrel wrap, air gap mode filter, and single mode
fiber patchcord. They have different performance on modal
dispersion and insertion loss, so they have different
performance on the quality of the communication.

In this paper the performance utilizing mode filters is
analyzed. First, the ROMMEF link is modeled and this model
focuses on modal dispersion. Then, a model of the mode filtered
RoMMF with different mode filters is shown. After modeling,
we analyze the frequency response of a radio over MMF link
and a mode filtered ROMMF link with simulations to show the
effects of the mode filters on our proposed system. After the
simulation of the frequency responses, the quality of the link is
analyzed with several simulation setups. The error vector
magnitude (EVM) is investigated with different mode filters,
and each mode filter are analyzed at different signal to noise
ratios (SNR) and different modulation bandwidths.

II. SYSTEM MODEL

In this section the model of the ROMMEF link is described.
First, the total ROMMF link is investigated, then the model of
MMF and mode filters are focused. Table I contains the main
parameters of the proposed link.

A. Radio over multimode fiber link model

The radio over fiber system applies subcarrier optical
modulation, hence a modulated radio frequency (RF) carrier
modulates the light. The RoF systems apply intensity
modulation in the optical domain, and direct detection. These
systems are called IM-DD. The proposed RoF link applies
multimode fiber. The block scheme of a radio over multimode
fiber link (RoOMMF) is shown in Fig. 1.

The RF signal modulates the intensity of the light. In the
proposed model the intensity modulation (IM) is carried out by
an external modulator. In order to neglect the nonlinear
distortions of the link, the modulator is considered to be linear.
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Practically the external modulators are used in their linear
region. Furthermore, in the ROMMEF link model the modulator
is considered to be chirpless.

Not only the modulator but also the fiber is linear in our
system model. If the optical power of the laser is low enough,
this consideration is also correct.

Beside the linearity of the link the noise characteristic is also
important. Two components add Gaussian white noise to the
link: the laser and the photodetector. The laser has relative
intensity noise (RIN), and the photodetector generates thermal
noise and shot noise. The ROMMEF link can be modeled as a
linear system with additional Gaussian noise. The block
diagram of our ROMMF model is shown in Fig. 2.

The proposed mode filtered system is modeled like the non-
mode filtered system. The block diagram of the mode filtered
system, and the model of the mode filtered system can be seen
in Fig. 3 and Fig. 4, respectively.

To describe the channel, the noise characteristic and the
frequency response of the fiber have to be analyzed. In the next
sections these two characteristics are modeled.

B. Frequency response of the ROMMF system

As it can be seen in Fig. 2, the frequency response of the
multimode fiber is an important part of the model. According
to [5], the frequency response of the fiber can be written as

HMMF(f):HMad(f)'HCh(f)» M
where Humr(f) is the frequency response of the MMF, Hana(f)
is the frequency response of the multimode behavior, and Hex(f)
is the frequency response of the chromatic behavior of the fiber.
According to (1) the frequency response can be separated into
two terms: one represents the modal dispersion and the other
represents the chromatic dispersion. The chromatic dispersion
is caused by the wavelength dependent group delay. The
frequency response of the chromatic dispersion can be
expressed as follows [6], [7]

HCh(f):HLD(f)'Hcs(f)- (@)
The chromatic effects can also be separated to two terms: the
first term (Hyp(f)) is caused by spectral linewidth of the laser,
and the second term (Hcs(f)) is the carrier suppression effect
which is caused by the optical double side band (ODSB)
modulation [7]. These two terms can be written as the following
according to [6], [7] and [8]

Radio over Multimode Fiber
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Fig. 1. Block diagram of the RoOMMF link
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If we use the value of 4o and f,, from Table I, (3) can be
approximated by one. Similarly, (4) can be also approximated
by one, if we consider that the frequency does not exceed 10
GHz. These consideration are real in a RoOMMF link. Hence, (3)
and (4) can be rewritten as

H,,()=], (5)
Hcs(f)zL (6)

As (3) and (4) are approximated by one, (2) leads to the
following

HCh(f)zL 7

Hence, the effect of the chromatic dispersion can be neglected
in our proposed system. This consideration is true in practical
RoMMF systems, due to the relatively short the fiber length. As
a conclusion (1) leads to

H e (f) =~ H ) poq (f) ®)
Nrin(?) Neec(t)
RF in—-»@—» Hyme() > RF out
*._ Radio over Multimode Fiber ¢
Fig. 2. Linear model of RoOMMF.
Radio over Multimode Fiber ™
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Fig. 3. Block diagram of mode filtered RoOMMF

21




INFOCOMMUNICATIONS JOURNAL

Modeling and Simulation of Mode Filtered Radio
over Multimode Fiber Links

Nen(t) Nyeol(t)

.——p» RF out

RF in—p| Hmodeﬁ!t(f)

*._ Radio over Multimode Fiber

Fig. 4. Model of mode filtered ROMMF link

Therefore, in our proposed ROMMF connection, the modal
dispersion is the most significant phenomenon. In the
following, the frequency response of the modal behavior is
described. The modal dispersion is caused by the different
propagation velocity of the modes. In the MMF a lot of modes
can propagate, however, several modes propagates with the
same velocity and these modes constitute a mode group. The
different mode groups propagate with different velocities, and
that causes linear distortion, which is called modal dispersion.
The total number of mode groups, the delay, the different
attenuation of the mode groups, and the coupling between the
mode groups influence the modal dispersion and the frequency
response of the multimode fiber. The model of the MMF is
described by Gloge [9] and Olshansky [10]. This model applies
the power flow equation (PFE) [11].

TABLE I
PARAMETERS OF THE PROPOSED LINK
Symbol Parameter Value Units
Neore refractive index of the core 1.45 -
Newadding  Tefractive index of the cladding 1.44 -
4 refractive index contrast 0.0069 -
NA numeric aperture of the fiber 0.17 -
Ao wavelength of the laser 1550 nm
Av linewidth of the laser 10 MHz
RIN relative intensity noise -135 dBc/Hz
ot frequency of the optical carrier 193.55 THz
g refractive index exponent 2 -
Feore core radius 25 um
Feladding cladding radius 62.5 pm
rms height of deformation 0.5 um
Yo intrinsic fiber attenuation 0.2 dB/km
Cs mode-coupling constant 6x107 1/km
o fitting constants for mode 9,735 )
attenuation
p fitting parameter for mode 2 )
coupling
3 modal dispersion parameter 0 -
chromatic dispersion parameter 16 ps/nm-km
L length of the fiber 3 km
rrp responsivity 1 AW
R, load resistance 50 Q
T temperature 300 K
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In the PFE (9), z is the length of the fiber, ¢ is time, P,, denotes
the power of the m-th mode group, and 7, d» and y,, are group
delay, attenuation and mode coupling coefficient of the m-th
mode group respectively [11]. Equation (9) can be solved by
several methods. In [11] a matrix exponential method is
applied, and in this paper this effective calculation is applied.
This method calculates the Fourier-transform of (9), and it leads
to the following [11]

F(z)=exp(4-2)- F(0), (10)
where z is the length of the fiber, F(z)=[F(z), F2(2),....Fu(z)]",
M is the total number of the mode groups, Fiu(z) is the average

power of mth mode group which is calculated in frequency
domain. 4 is a tridiagonal matrix, which can expressed as [11]

m—1

Ay =—Qrj-f 7, +7,)d,~——d,.,. an
m
Am,m+1 = dm’ (12)
Am,m—l = dm—l m_l' (13)
m

The key parameters of (9), (11), (12) and (13) can be calculated
according to [5] as the following

Megre[ | Al4+£] [m jzg/ o
7, =—%1-——=| — x
c g+2 M

(14)
2g/g+2 V2
{1—2&('") J ,
M

m _1 2g/g+2 (15)

Ym =Yoo 1, U(VJ 5
P 2p 5 l+p 2
a —c|—" eore [g + } [ﬂ) (16)
¥Vetadding Vetadding g-A M

with
g =Ple=2)-2] (17)

g+2

By calculating d,,, 7, and y, with substituting the values given
in Table I to (14)-(17), we can conclude the following

(18)
therefore, d,, can be neglected in our proposed system. Hence 4
is a diagonal matrix and (11)-(13) is the following

d,.d, <<V,

m?>
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A, ~Q2rj-f1,+7,) (19)
Am,m+l ~ O’ (20)
A, =0. Q1)

By replacing (19)-(21) to (10), we get the following
expression

F(z,.0) = F,(0)-e 070, (22)

and the frequency response of the multimode fiber can be
calculated according to [11]

HMod(f): mj;l . . @3)

2 mF,(0.1)

m=1

Equation (23) can be rewritten to another form, which contains
the power of m-th mode group, and the total input power (Pp)

M
o () = 5 D By 7o, (4)

0 m=1

Equation (24) is the frequency response of radio over
multimode fiber system, when the mode coupling can be
neglected. As we have seen it above, this approximation is
correct for our proposed system due to their parameters.
Furthermore, (24) shows that the frequency response depends
strongly on P,, this way the influence of the input power
distribution of the mode groups is very high. The input power
distribution depends on the launch condition at the input of the
fiber. Two types of launch conditions are tested in this paper:
overfilled launch condition (OFL) and restricted mode launch
(RML). The OFL is an important launch condition, because it
shows a theoretically worst case of the modal behavior, and
the launch condition of some practical ROMMF (which applies
LEDs) connections can be considered as OFL as well. The
OFL means that all of the modes are generated equally. If we
know which modes belong to which mode group, the power
distribution of the mode groups can be calculated. This
calculation is well known [3], [4], [S].

The RML means that restricted number of modes are
generated at the input. The RML is typical at laser-fiber
interfaces. The power distribution which is caused by RML
can be calculated by using overlap integral [3], [4], [12]. The
overlap integral calculates the coupling between the laser
modes and the modes of the MMF. To decide which modes
belong to which mode group in the case of RML, the
calculation which are mentioned in the case of OFL should be

applied [3], [4], [5]

C. Frequency response of the mode filtered RoMMF system

The mode filters can reduce the number of the mode groups
and this effect will cause reduction in the effect of the modal
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dispersion. Each of the mode filters produces different
attenuation for the mode groups, and the attenuation
characteristics are also different for different mode filters. In
this paper three mode filters are investigated in the ROMMF
system: air gap filter, mandrel wrap, and SMF patchcord.

The air gap mode filter contains two multimode fibers
coupled to each other with a small air gap. For the size of the
gap 1 mm is taken in this paper. At the transmitter fiber end
the light radiates out from the fiber. The diverged laser beam
radiated out of the transmitter fiber, generates several modes
in the other fiber at the receiver side. However, the diverged
laser beam can generate restricted number of modes at the
receiver fiber end of the air gap filter. Hence, the higher order
modes are filtered off by the air gap [4], [12]. The mode
filtering effect depends on the size of the gap: longer gap
causes stronger filtering effect, but the attenuation will be
higher as well. According to [4] the air gap filter with 1 mm
gap size attenuates almost all of the mode groups except few
lower order modes.

With a few turns of the fiber on a reel with small diameter,
the higher order modes are filtered off [2]. This mode filter is
called mandrel wrap. There is a radiation loss due to the turns
on the reel, and the radiation loss is different for each mode
group. The higher order modes are radiated stronger than the
lower order ones. This effect depends on the reel diameter [4].
With a standard reel diameter of the mandrel wrap the half of
the mode groups can be filtered off [2], [4].

The function of the SMF patchcord as a mode filter is the
following: through the SMF patchcord only the fundamental
mode can propagate due to its smaller core size. Except the
fundamental mode all the modes are filtered off, but it cause
relatively high insertion loss [2]. By applying a SMF patchcord
as mode filter, the effect of the modal dispersion can be
eliminated, and the frequency response of the mode filtered
RoMMF could be perfectly flat. The mode filtering effect of the
SMF patchcord is investigated in several papers such as [13],
[14].

To describe the mode filtered RoOMMEF, the frequency
response equation of RoOMMF is used. As it was mentioned
above, the mode filters can attenuate the different mode groups
differently, so with some modifications in (24) the frequency
response of the mode filtered ROMMEF is given as the following

M
H yoienn (f) = i Zam Pmei(zqﬁm *n)z B (25)

0 m=1

where a,, is the attenuation of a given mode filter on the m-th
mode group. Equation (25) gives the frequency response of the
mode filtered ROMMEF and (24) gives the frequency response
of the RoOMMF without mode filtering. If the parameters of (24)
and (25) are well known, the frequency responses can be
calculated. In this paper the values of a, are calculated by
applying the results of [4].
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D. Noise behavior of the proposed system

After the description of the frequency response of the
RoMMF and the mode filtered ROMMEF, the noise behavior
should be analyzed. As it could be seen in Fig. 2 and Fig. 4,
there are additive noise at both sides of the link. At the
transmitter side the noise comes from the relative intensity
noise (RIN) of the laser. The RIN can be calculated in the
electrical domain as the following

<lRIN> :Po 'VPDJFN, (26)

VB

where Py is the optical power of the laser rpp is the responsivity
of the photodetector, RIN is the relative intensity noise, B is the
bandwidth, and <ig> is the average noise current of the RIN
at the photodetector.

At the receiver side of the link, the noise comes from the
photodiode. The receiver noise has two components: the shot
noise and thermal noise. If a PIN diode is applied as a receiver,
the shot noise and thermal noise can be expressed, respectively
[15]

(Fpor) o P, 27)
JB =\2-q-F rpp,

<itherma/> _ 4-k-T (28)
B\ R’

where ¢ is the elementary charge, 7 is the temperature, R, is the
load resistance, and & is the Boltzmann-constant. As RIN is
relatively low in our proposed system (Table I) and Py is also
low enough, the thermal noise will be the most dominant noise
effect. In this paper the noise level is fixed, but the analysis is
made at different signal power levels, so our proposed system
is simulated at different signal to noise ratios (SNR).

After the description of the noise behavior and the
frequency response of the ROMMEF system, the linear model of
the ROMMEF link is determined. All of the parameters are given
for the simulations of the ROMMF link in Table I.

TABLE II
CALCULATED PARAMETERS FOR SIMULATIONS

m Al b o g Wb o
1 0 461107 004 011 1 1 1
2 00043 461x107 004 0 1 05 0
30011 461x107 008 035 1 044 0
40021 461102 008 0 1 038 0
50034 463x107 012 034 05 031 0
6 005 486x102 012 0 0 025 0
7 0069  617x10% 016 016 0 018 0
8 009  1205x10° 016 0 0 01 0
9 0115 3267x10° 02 004 0 0 0

a)mandrel wrap, b) air gap filter c)SMF patchcord.
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III. SIMULATION RESULTS

In the former sections the model of the RoOMMF and the
calculations are described, hence, the calculated parameters are
available for the simulation setup. Two parts of the simulation
results are presented: in the first part the frequency responses
are analyzed and in the second part EVM simulations are
investigated. To simulate the frequency responses, the main
parameters of (24) and (25) should be calculated. First the
number of the mode groups (M) has to be determined.
According to [5] the number of mode groups can be expressed
as the following

(29)

AV
M — 272_ . r(‘o’/e n(‘(?}/L’ g A N
A \g+2

By using (29) we got M=9. Hence, the main parameters of the
MMF and mode filters should be calculated for nine mode
groups. The calculated parameters are summarized in Table II.

A. Simulation of frequency responses

When the parameters are well known, the frequency
response of ROMMF and mode filtered ROMMF can also be
calculated. The frequency responses are obtained for both OFL
and RML. These results are plotted in Fig. 5 and Fig. 6,
respectively. The OFL frequency response without mode
filtering has two notches up to 10 GHz at around 3 GHz and
around 5.4 GHz. The mandrel shifts the latter notch, but this
notch is also relatively strong. The air gap filter makes the
frequency response smother. The trace is not flat, however, the
transmission level at the notches is smaller than in the case of
the mandrel. Due to the smoother characteristics we expect
better performance for air gap filter than mandrel. As the SMF
patchcord filters off all of the mode groups except the
fundamental mode, a totally flat characteristic is expected. The
simulation results show totally flat frequency response with

—OFL no filter
— + OFL mandrel

«=QFL air gap
- - OFL SMF patchcord

Transmission (dB)

0 2 4 6 8 10
Frequency (GHz)

Fig. 5. Frequency responses of ROMMF with different mode filters for OFL

SMF patchcord for OFL condition.
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—RML no filter
—-RML mandrel

------ RMIL air gap

== RML SMF patchcord

4 ==
5
-8
-10 T - : s
12 o N

-14

Transmisson (dB)

-16

-18

Frequency (GHz)
Fig. 6. Frequency responses of ROMMF with different mode filters with RML

For RML condition the frequency response without mode
filtering has only one notch around 4.5 GHz, but the level of
this notch is smaller than in the case of OFL condition. For
RML the air gap and mandrel filtering show small difference.
Both of the frequency response traces are almost the same, they
have one notch, and the shape of the traces are really similar,
hence, almost the same performance is expected for air gap and
mandrel filter for RML condition.

The SMF patchcord has totally flat frequency response for
both of the launch conditions, but its insertion loss is different
for the two launch conditions. For OFL the insertion loss (IL)
is around 22dB and for RML it is 16dB. Basically, the insertion
losses of mandrel and air gap filter behave similarly to each
other in case of both launch types. SMF patchcord has higher
insertion losses compared to mandrel and air gap filter which is
around 10dB. The insertion losses (IL) of the filters are
summarized in Table III. The IL is very important, because of
higher IL the signal to noise ratio (SNR) is more significant.
Therefore, the SMF patchcord is the most sensitive for SNR,
however, it can eliminate most of the modal dispersion effect,
as the SMF patchcord can produce flat frequency response. As
the efficiency of the mode filters depend on the frequency
response and the SNR level together, in the following, the mode
filters are compared to each other with different SNR. In order
to compare the mode filters with different SNR, modulated
signals are used, and the EVM is analyzed. The EVM analysis
can show a better comparison for the performance of the mode
filters, as a result, the best mode filters can be found for each of
the RoOMMF setups.

B. EVM analysis

For EVM analysis, a modulated signal is applied at a certain
carrier frequency. In this paper QPSK modulation is used for
EVM analysis, and the carrier frequency is set to notch
frequencies: for OFL the carrier frequency is 5.42 GHz, and for
RML it is 4.5 GHz. At the notch frequencies the effect of the
modal dispersion is the strongest, so it is worth to analyze the
mode filtering effect at these worst case frequencies. As it is
mentioned in above, the EVM investigation is made at two
different SNR to analyze the performance of the link. The
higher SNR is 40dB and the lower SNR is 30dB. These SNR
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TABLE III
INSERTION LOSS (IL) OF DIFFERENT MODE FILTERS
OFL-IL(dB) RML-IL(dB)
no filter 1.66 0.87
mandrel 8.61 3.95
air gap 8.7 5.85
SMF patchcord 22.5 16.56

values are considered at the transmitter side. Although, the
performance of the link is usually determined by SNR at
receiver side, however, the SNR at the receiver side can be
different for different mode filtering setups. The mode filters
have different insertion losses (Table III), furthermore, the
insertion losses depend on the carrier frequencies (Fig. 5 and
Fig. 6). Consequently, it is easier to use the SNR at the
transmitter side.

The quality of the transmission depends on the modulation
bandwidth. The effect of modal dispersion is higher for higher
modulation bandwidth, therefore, the EVM is simulated at
different modulation bandwidths as well. The simulations are
carried out by using VPI Transmission Maker 9.2 [15]. The
model of the mode filtered ROMMF links are implemented to
VPI according to the calculations, which are described above.
The EVM analysis is carried out for different SNR and for both
OFL and RML. First, the EVM results are plotted for OFL at
higher SNR in Fig 7.

In this case, the SNR is relatively high, so the dominant
distortion effect is the modal dispersion. The best mode filter is
the SMF patchcord, and its performance is especially
impressive at higher modulation bandwidth. At S00MHz the
effect of the SMF patchcord is improved to 1.5%. The air gap
filter has worse performance than the SMF patchcord and better
performance than the mandrel filter. This experiences are
agreed with the results of frequency responses.

At lower SNR the modal dispersion is not the only
significant distortion effect, the noise can also limit the quality
of the channel. The EVM results are plotted for OFL at lower
SNR in Fig 8.

8.0%

—OFL No filter

=+ OFL Mandrel

6.0% - OFL Air gap

= = OFL SMF patchcord

7.0%

5.0%

2 40%
w .
3.0% et

2.0%

1.0% e e

0.0%
50 100 150 200 250 300 350 400 450 500
Modulation bandwidth (MHz)

Fig. 7. Modulation bandwidth vs. EVM for OFL at higher SNR
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8.0%

—OFL No filter

—+ OFL Mandrel

6.0% = OFL Air Gap

= = OFL SMF patchcord

7.0%

5.0%

 4.0%
=

3.0%
2.0%
1.0%

0.0%
50 100 150 200 250 300 350 400 450 500
Modulation bandwidth (MHz)

Fig. 8. Modulation bandwidth vs. EVM for OFL at lower SNR

In this case, the SMF patchcord is not effective enough
especially at smaller bandwidth. When the modulation
bandwidth is even higher, the modal dispersion affects the
transmission more, so the performance of the SMF pacthcord
increases, but it is not as advantageous as at higher SNR. The
air gap mode filter gives similar results: at higher modulation
bandwidths, the air gap mode filter improves the quality of
communication stronger than at lower modulation bandwidths.
However, the mandrel have better performance at both lower
and higher modulation bandwidths for OFL. As the mandrel is
less sensitive to noise, due to its lower insertion loss, the
mandrel can be a suitable type of mode filter at lower SNR for
OFL.

When RML is applied the insertion losses of the mode filters
are smaller (Table III), so the mode filters have different
behavior. At higher SNR the results are shown in Fig. 9. As it
can be seen, the mandrel and the air gap filter have almost the
same performance. At 500 MHz modulation bandwidth the air
gap improves the EVM from 5.5% to 5%, and the mandrel can
improve the EVM to 4.5%. However, the SMF patchcord shows
much better performance. When the link is mode filtered with
SMF patchcord, the EVM is decreased to 0.9%. Hence, for
RML at higher SNR the best mode filter is SMF patchcord.

At lower SNR the mode filters with higher insertion loss can
be less advantageous. However, by applying RML launch

8.0%
—RML no filter
— - RML mandrel
6.0% e RMIL air gap
- - RML SMF patch

7.0%

5.0%
2 0%
Z
3.0%
2.0%

1.0%

0.0%
50 100 150 200 250 300 350 400 450 500
Modulation bandwidth (MHz)

Fig. 9. Modulation bandwidth vs. EVM for RML at higher SNR
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5.0%
2 4.0%
@

3.0%

2.0% i SRS

1.0%

0.0%
50 100 150 200 250 300 350 400 450 500
Modulation bandwidth (MHz)

Fig. 10. Modulation bandwidth vs. EVM for RML at lower SNR

condition the insertion loss of the mode filters is much smaller
than in the other case, when launch condition is OFL. At lower
SNR with RML the results are shown in Fig. 10. In this case the
SMF patchcord can reduce the EVM, but this improvement is
smaller at lower SNR than at higher SNR. At lower SNR for
RML the best mode filter is still SMF patchcord, because the
mandrel and air gap filter cannot improve the quality of the
communication as much as the SMF patchcord and the air gap
mode filter and mandrel have almost the same performance.
Thus, according to Fig. 10 the best mode filter for RML at lower
SNR is the SMF patchcord, especially for higher modulation
bandwidth.

By analyzing the EVM, the best mode filters for different
ROMMF scenarios can be selected. These results are
summarized in Table IV. It shows that for RML, the SMF
patchcord is the best choice, however, for OFL the SMF
patchcord shows better performance, when the SNR is high
enough. On the other hand, at lower SNR, the mandrel and air
gap filter could be a more advantageous choice than SMF
patchcord.

TABLE IV
MODE FILTER SUMMARY
OFL RML

High SNR Low SNR High SNR Low SNR
Mmf;lgﬁon SMF Mandrel/Air SMF SMF
bandwidth patchcord gap patchcord patchcord
vogh  SMF MandrelAir  SMF SMF
Bandwidth patchcord gap patchcord patchcord

IV. CONCLUSION

To summarize, mode filtered radio over multimode fiber
systems are investigated by simulations in this paper. The
frequency response of the mode filtered ROMMEF is modeled
and simulated in order to find the most efficient mode filter at
different ROMMF scenarios. Three different types of mode
filters are analyzed in ROMMF: mandrel, air gap filter and SMF
patchcord. Not only the frequency responses but also the EVM
are simulated. The analysis is carried out for different launch
conditions (OFL and RML) at different SNR level. The
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frequency responses show that the SMF patchcord can
eliminates the modal dispersion, but its insertion loss is also the
highest. For OFL the insertion loss is higher than for RML,
because for OFL the number of the mode groups are higher than
for RML, and they do not propagate only around the center of
the fiber, hence the mode filters can attenuate higher number of
mode groups for OFL than for RML, which leads to higher
insertion losses for the case of OFL.

The EVM analysis shows that SMF patchcord can be the
best solution at higher SNR, and it could work fine at lower
SNR as well, if the launch condition is RML. For OFL, at lower
SNR, mandrel and air gap mode filter show better performance
than the SMF patchcord. To conclude, if the launch condition
is considered to be RML in a RoMMF system, the SMF
patchcord is the best choice for mode filtering, especially at
higher modulation bandwidth. At other scenarios mandrel or air
gap filter can also shows advantageous behavior.
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