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Abstract— We experimentally study the modal interactions in 
mode division multiplexing (MDM) links supporting orbital an-
gular momentum (OAM) modes of order zero and one. We use 
time of flight and channel impulse response measurements to 
characterize our OAM-MDM link and quantify modal impair-
ments. We examine two OAM fibers with different index profiles 
and differential mode group delays (DMGD) between supported 
vector modes. Data transmission experiments probe the impact of 
modal impairments on digital signal processing complexity and 
achievable bit error rate for OAM-MDM link. We discuss in 
particular memory depth requirements for equalizers in separate 
mode detection schemes, and how memory depth varies with 
DMGD metrics as well as crosstalk level. 

Index Terms — Mode Division Multiplexing (MDM), Orbital 
Angular Momentum (OAM), Ring Core Fiber (RCF).   

I. INTRODUCTION

ptical transport networks using single mode fibers (SMF) 
are reaching the capacity limit predicted by information 
theory [1]. Mode division multiplexing (MDM) systems 

have received extensive attention in recent years as a promis-
ing technique to overcome the capacity limit [2], [3]. Two 
different modal bases, linearly polarized (LP) modes and or-
bital angular momentum (OAM) modes, are studied [4-10].  

Consider two receiver solutions for a D mode, 2 polariza-
tions per mode, MDM system: 1) a monolithic receiver with 
2×D inputs that are all time synchronized, captured simultane-
ously and with data processed as one unit, and 2) D standard 
receivers, with one receiver per mode and no synchronization 
or integration between them, with data processed independent-
ly.  Most demonstrated LP-MDM systems use the monolithic 
receiver with 2D×2D multiple-input multiple-output (MIMO) 
equalizers (full-MIMO) [11], [12]. Reduction of receiver 
complexity is essential for reasonable power consumption and 
real time processing. The DSP burden can be reduced by using 
smaller equalizer blocks, such as using D separate equalizers 
with D standard receivers. The number of equalizers used in  
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separate mode detection scales linearly with the number of 
modes, whereas in full-MIMO processing, it scales with the 
square of the number of modes.  

Several research groups have worked to reduce the dimen-
sionality of MIMO equalizers. The use of separate equalizer 
blocks for each mode group instead of full MIMO equalizer 
was investigated for LP modes in [13],[14]. Six modes, each 
with two polarizations, in four mode groups were detected via 
four independent detectors with 2×2 or 4×4 equalizer blocks; 
The use of two independent, uncoordinated receivers for two 
modes (LP01 and LP11e) in [15], [16] led to low dimension 
(2×2) MIMO equalizer (covering polarization demultiplexing 
per mode). A polarization maintaining fiber supporting six 
spatial channels required no MIMO and used six separate re-
ceivers, one per channel [17]. 

OAM fibers were introduced and designed for separate 
mode detection with low modal coupling [18], [19]. In OAM-
MDM systems, a demonstration with 4 channels using modes 
of order zero and one used 2×2 MIMO equalizer for polariza-
tion demultiplexing per mode [20]. Another OAM demonstra-
tion with 12 channels using mode of order ±5,±6,±7 used only 
optical polarization demultiplexing to recover the data on each 
mode [21]. 

Reducing the MIMO dimensionality results in reducing the 
DSP burden. The complexity of MIMO processing, however, 
is governed not only by the number of equalizers (i.e., dimen-
sionality), but also by the memory depth (number of taps) per 
equalizer. Two linear propagation impairments in MDM sys-
tems are related to equalizer block complexity: differential 
mode group delay (DMGD) and channel crosstalk [22], [23]. 
We examine the relationship between modal interactions and 
DMGD among different propagating modes and OAM-MDM 
DSP complexity in separate mode detection schemes.  

We focus on systems supporting OAM0, i.e., fundamental 
mode, in two polarizations, and OAM±1 mode. We examine 
two OAM fibers experimentally: a ring core fiber (RCF) [24] 
and an inverse parabolic graded index fiber (IPGIF) [25]. Each 
supports OAM0 and OAM±1 modes for distances near to one 
kilometer.  HE11 and HE21 vector modes carry the data chan-
nels in these systems; TE01 and TM01 modes also propagate in 
OAM-MDM link, but as parasitic modes, i.e., non-data-
carrying modes. We will experimentally investigate the impact 
of modal interactions among data carrying HE11 and HE21 
modes and their interaction with TE01/TM01 modes on receiver 
bit error rate (BER) performance and equalizers required 
memory depth requirement. The dissimilar refractive index 
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profiles in these fibers lead to different DMGD among vector 
modes of HE11, HE21, TE01 and TM01. 

In two separate experiments we previously examined time 
of flight (ToF) for 1.4 km RCF fiber [26] and impulse re-
sponses (IR) for both 1.47 km RCF and 1.1 km IPGIF fibers 
[27]. In [27] we hypothesized the interactions among 
TE01/TM01 and HE21 affected equalizer memory length. In this 
manuscript, we add ToF results for IPGIF and details of the 
characterization experiments (setup and results).  As further 
validation of our hypothesis, we examine another length (450 
m) of RCF fiber. Only by examining all these results together 
can we quantify the impact of parasitic modes on equalizer 
block complexity. 

In section II, we discuss the modal interactions in OAM-
MDM systems. In section III, we characterize each fiber via 
ToF and IR measurements. Next we transmit data and evaluate 
receiver performance. In section IV, we report data transmis-
sion results. In section V, we discuss the impact of the modal 
interactions on required OAM-MDM equalizer memory depth 
by contrasting the two OAM fibers. In section VI, we con-
clude the paper. 

II. MODAL IMPAIRMENTS IN OAM-MDM SYSTEMS  

We study the impairments in fibers supporting OAM modes of 
order zero and one. For OAM modes of order one, there are 
two OAM modes, OAM+1 with right circular polarization (

1OAM 
 ) and OAM-1 with left circular polarization ( 1OAM 

 ):  

 1 21 21
even oddOAM HE i HE

    (3) 

The two other OAM modes of order one, formed by TE01 and 
TM01, are known to be unstable [28]  

 1 01 01OAM TE iTM    (4) 

The unequal effective indices of TE01 and TM01 modes cause 
them to travel at different speeds, leading to walk-off and in-
stability. Note that OAM mode of order zero, i.e. without any 
topological charge, denoted by 0OAM  and 0OAM  are funda-

mental mode, equivalent to HE11 mode with right and left cir-
cular polarization respectively. 

Contrary to LP-MDM systems using LP11 modes where all 
vector modes of HE21, TE01 and TM01 are used within data 
channels, in OAM fibers supporting modes of order one, TE01 
and TM01 modes propagate but are not used as OAM data 
channels. However, they can have some parasitic effects on 
data carrying channels which will be investigated.  

Fig. 1 illustrates propagation modes in a fiber in an OAM 
system. 0OAM  and OAM±1 modes are injected into the fiber 

via a mode multiplexer. These modes should excite primary 
vector modes HE11 and HE21. Due to undesired crosstalk, there 

may be leakage between the excited HE11 and HE21 modes, as 
well as leakage from these excited modes to and from the par-
asitic TE01 and TM01 modes. In an OAM transmission system 
with separate mode detection, the mode demultiplexer is fol-
lowed by two isolated and uncoordinated receivers: one for 

0OAM  and one for OAM±1. There is no receiver for the 

TE01/TM01 modes. The two isolated receivers will detect sig-
nals propagating along the direct path, but they will also re-
ceive leakage from other modes and the leakage from the 
same mode that goes back and forth between modes causing 
both interference (from the alternate information channel) and 
intersymbol interference (from the primary information chan-
nel). 

The effective indices of TE01/TM01 modes are close to HE21 
in OAM fibers. Therefore, the interactions between 
[TE01/TM01 and HE21] tend to be stronger than both the cross-
talk between [HE11 and HE21] and the interactions between 
[HE11 and TE01/TM01]. Throughout this paper, we use 
DMGD01 for the DMGD between HE11 and HE21 modes and 
DMGD11 for the DMGD among vector modes HE21, TE01 and 
TM01 that constitute OAM mode group one (OAM1).  

To study the impact of modal impairments, we examine 
RCF and IPGIF fibers, each supporting OAM modes of order 
zero and one. RCF is a step index fiber described in detail in 
[24], while IPGIF is a graded index fiber with an inverse para-
bolic index profile described in detail in [25]. Each fiber has 
distinct effective index separations among vector modes and 
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Fig. 2. ToF measurement results, (a) IPGIF (b) RCF 

 
Fig. 1. Channel model for interactions among vector modes propagating in 

OAM fibers supporting modes of order zero and one.  

Table I 
Measured DMGD between OAM0 and OAM1 mode groups per fiber  

Fiber 

DMGD (ns) ±0.1 ns 
(DMGD01) 

HE11 – HE21 
 

 
HE21 – TM01

 
TE01 – HE21 

(DMGD11)  
    (HE21 –TM01) +

(TE01 – HE21) 

1.1 km  IPGIF 31.2 0.5 1.2 1.7 
1.47 km  RCF 23.9 1.2 2.6 3.8 
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distinct crosstalk levels and DMGD01 and DMGD11. The nu-
merical aperture of the RCF and IPGIF fibers are 0.2959 and 
0.1702, respectively. The loss of fibers using OTDR meas-
urement without selective modal excitation at 1550 nm was 
measured as 3.8 dB/km and 2.8 dB/km for IPGIF and RCF, 
respectively. In next sections, we characterize the OAM-
MDM link to observe and quantify the modal impairments in 
our OAM-MDM system.  

III. OAM-MDM LINK CHARACTERIZATION 

In this section, we present ToF and IR measurements for an 
OAM-MDM system. These two experiments can give the 
same results in LP-MDM systems but in OAM-MDM systems 
using modes of order one, they will not give the same results. 
ToF measurement characterizes the interactions among all the 
supported vector modes during fiber propagation. This in-
cludes all the vector modes of HE11, HE21, TE01 and TM01. IR 
characterizes the coupling among modes used as data channels 
in the OAM-MDM link, i.e HE11 and HE21. In ToF experi-
ments, we intentionally excite all vector modes (HE11, HE21, 
TE01 and TM01) to observe the interactions among them during 
fiber propagation. In IR, we selectively excite and receive 
HE11 and HE21 modes using a mode mux and demux and ob-
serve the interactions between them. In IR measurements, 
however, power leakage leads to interactions among HE21 and 
TE01/TM01 modes during fiber propagation and the powers that 
goes to TE01, TM01 modes and come back to HE21 will be cap-
tured by this method.    

A. Time of flight measurements 

In ToF measurement, we generate a pulse train with 40 ps 
pulse width and 51.2 ns repetition rate and then using off-axis 
coupling to the fiber, all supported vector modes are excited 
simultaneously. The fiber output is detected by a high speed 
photodetector and recorded using a digital sampling oscillo-
scope (DSO). Results are presented in Fig. 2 for IPGIF and 
RCF. We adjusted the off-axis alignment until pulses with 
comparable power levels for all supported vector modes were 
observed. In both fibers, we observe four peaks corresponding 
to HE11, TE01, HE21 and TM01 modes. DMGD between vector 
modes are calculated from temporal separation of peaks in 
Fig. 2(a) and 2(b) and reported in Table I. Comparing the two 
fibers, RCF has larger DMGD11 and smaller DMGD01 than 
IPGIF. A prominent pedestal response is observed among 
TE01, HE21 and TM01 in both fibers due to modal interactions; 
these modes continuously exchange power during propaga-
tion. The width of this pedestal is a little larger than DMGD11. 
The impact of this pedestal on OAM-MDM performance will 
be investigated in later sections.  

B. Channel impulse response 

We measured channel impulse responses with the experi-
mental setup in Fig. 3 with input and output connections in 
blue dashed lines. A passive mode locked fiber laser generates 
pulses with duration of ~10 ps with repetition rate of 50 ns. 
The demux output ports are captured by a DSO. We launched 
pulses on one channel at a time and recorded each demux out-
put port. The technique of capturing one mode at a time in 
channel characterization was already discussed in [29]. Six-
teen impulse responses measured for each fiber are shown in 
Fig. 4, arranged in a 4×4 channel matrix configuration; 
launched modes form columns, and received modes form 
rows. Some submatrices are magnified to better show the de-
tails.   

The channel matrix is divided to four subsections for each 
fiber, labeled A through D. The 2×2 diagonal subsections (A 
and D) show interactions within each mode group, i.e., [

0OAM   with 0OAM  ] and [OAM+1 with OAM-1]. The off-

diagonal subsections (B and C) show interactions across mode 
groups. Since the channels inside each mode group are degen-
erate, there is strong coupling peaks in subsections A and D.  
For off-diagonal subsections, we observe two contributions to 
crosstalk: i) coupling at mux or demux appearing as sharp 
peaks, and ii) fiber coupling distributed over time that occurs 
throughout propagation. 

In off-diagonal submatrices, B and C, the crosstalk from one 
mode group to the other is depicted. By comparing submatri-
ces B and C for the two fibers, we observe more propagation 
crosstalk in IPGIF than RCF. We suspect the higher distribut-
ed mode coupling in IPGIF to be due to effects such as micro 
bending or fabrication imperfections.  

We observe pulse broadening in subsection D for OAM±1 
modes, while the pulses remain sharp for OAM0 in subsection 
A. To observe pulse broadening in greater details, we provide 
a zoom in for impulse responses of fibers for case of sending 
and receiving OAM+1 in Fig. 5. The width of measured pulses 
are 2.1 ns for IPGIF, 4.9 ns for 1.47 km RCF; width is calcu-
lated for values above the noise floor. These pulse widths are 
close to DMGD11 measured by ToF, 1.7 ns for IPGIF and 
3.8 ns for 1.47 km RCF. Using a full width 0.1 maximum def-
inition, the IPGIF pulses are more broadened with a 2 ns width 
compared to 1.47 km RCF with a 0.6 ns width. Pulse broaden-
ing in a 450 m RCF fiber is also shown in Fig.5(b) with pulse 
widths of 0.3 ns and 0.4 ns using noise floor and full width 0.1 
maximum pulse width definitions, respectively. The compari-
son of impulse responses of 1.47 km and 450 m RCF will be 
used in section V. to interpret the dependency of receiver per-
formance to strength of modal interactions.  

 

 
Fig. 3. OAM-MDM characterization and data transmission setup 
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C. Crosstalk measurements 

To complement IR measurements, we also measure total 
crosstalk among mode groups. Crosstalk measurement is done 
with the same signal source used for data transmission: a 16 
Gbaud QPSK signal on two polarizations (setup described in 
detail in the next section).  
We used a power meter to measure the received power at de-
multiplexer output port when transmitting two polarizations of 
the corresponding or the other mode group. The crosstalk is   

    1Crosstalk on 10 log 0, 1i iiP PO M iA    (5) 

Results are reported in Table II. Crosstalk is lower in RCF, 
consistent with IR matrices. We also measured the crosstalk 
from MUX and DEMUX stages using a 1m RCF fiber, where 
the propagation crosstalk in the fiber is negligible. This cross-
talk was around -20 dB.  

D. Interpretation of system characterizations 

In ToF, we excited all vector modes and observed a pedestal 
response among HE21 and TE01/TM01 due to continuous inter-
actions among these vector modes during propagation. In IR 
measurements, we launched one targeted mode at a time, i.e.,

0OAM  or OAM±1, and captured each demux output. In IR 

measurements the pulse in OAM±1 modes is broadened with a  
width similar to the ToF pedestal width. We conclude pulse 

broadening is due to power exchange within mode group one:  
HE21 leaking to/from parasitic modes TE01 and TM01. This 
modal mixing can occur in fiber or mode (de)mux.  Note that, 
unlike the ToF setup, in IR measurement, we do not excite 
TE01 and TM01 modes. Their effect is inferred from the pulse 
broadening in HE21 mode matching the pedestal  width in ToF 
measurements. The parasitic modes of TE01/ TM01 may be 
incidentally excited during mux and/or demux; they may arise 
during coupling in the fiber propagation. The reason that the 
pedestal around HE21 has a higher power level in ToF com-
pared to IR is that, in ToF, TE01 and TM01 are intentionally 
excited at the input of fiber with the power comparable to 
HE21. This observation means that although TE01/TM01 modes 
are not used as data carrying channels, they can affect receiver 
performance by pulse broadening in OAM±1 modes resulting 
in intersymbol interference (ISI) among consecutive data 
symbols transmitted in OAM±1 channels. Such phenomena can 
affect the memory depth requirement for receiver equalizers 
and will be discussed in the next section via data transmission 
results.   
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Fig. 4. Channel impulse response for OAM-MDM link using 1.2 km IPGIF (left) and 1.47 km RCF (right) with scales of (dB) and (nsec) on x and y axes 
of sub figures.  

Table II  
Measured crosstalk among OAM modes in OAM-MDM link for 

1.47 km RCF and 1.1 km IPGIF  
IPGIF HE11  HE21 -7.7  HE21  HE11 -7.3  
RCF HE11  HE21 -10.7 HE21  HE11 -10.6  
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 (a)                                          (b) 

 
Fig. 5. Enlarged channel impulse response for case of sending and receiving 

OAM +1 in (a) IPGIF (b) 1.47 km and 450 m RCF  
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IV. DATA TRANSMISSION IN OAM-MDM LINK 

In this section, we discuss data transmission results for four 
channels ( 0OAM   and OAM1) over RCF and IPGIF fibers. In 

section A, we briefly describe the data transmission setup. In 
Section B, we evaluate the receiver BER and discuss the im-
pact of modal impairments on system performance and equal-
izer memory depth for RCF and IPGIF fiber.  In section C we 
examine RCF fiber of different lengths. 

A. Data transmission setup 

Fig. 3 shows the data transmission setup; input switches are 
set for data and output switches are set for coherent detection. 
A single polarization non-return-to-zero (NRZ) QPSK signal 
at baudrate of 16 Gbaud is generated via a bit pattern genera-
tor (BPG) with two pseudo random binary sequences (PRBS) 
of length 215-1 and 220-1 and an MZM IQ modulator. The 
transmitter laser has a linewidth of 100 kHz and is set to 1550 
nm with output power of 16 dBm; the generated QPSK signal 
is amplified and then sent to the OAM-MDM link.  

By using delay lines, four decorrelated replicas of the signal 
are generated. These four decorrelated signals are input to a 
mode multiplexer where two of them are mapped on OAM±1 
modes and combined with the two on 0OAM  mode. They are 

then coupled to the OAM fiber. After propagation over OAM 
fiber, the two mode groups are separated in the polarization 
diverse mode demultiplexer and sent to data recovery setup 
separately. A single coherent receiver (CRX) with bandwidth  

 
 
of 22 GHz and a local oscillator with linewidth of 10 kHz and  
output power of 13 dBm are used to coherently detect the in-
coming signal, either two polarizations of OAM0 or OAM±1. 
The output electrical signals from the coherent receiver are 
captured by a Keysight real-time oscilloscope (RTO) with 33 
GHz analog bandwidth capturing data at 80 Gsample/s; after-
wards the DSP is applied offline. The offline DSP is the same 
as that used in dual-polarization, single-mode coherent detec-
tion, including blocks of resampling, 2×2 equalization among 
two polarizations of each mode, frequency offset estimation 
and carrier phase recovery. 

B. BER and required memory depth for RCF and IPGIF 

We ran data transmission, evaluated BER and determined 
required memory depth in two scenarios - sending only one 
mode group (two channels) or sending all channels. Transmit-
ting only one mode excludes the impact of crosstalk across 
mode groups. Sections A and D of channel matrices apply to 
sending only 0OAM  and OAM±1 respectively. BER versus 

number of taps per equalizer are presented in Fig. 6 (a) and (b) 
for 0OAM  and OAM±1, respectively.  

When sending only 0OAM  , we do not observe any mean-

ingful BER dependency on equalizer memory depth; even 
small equalizer lengths reach the minimum of BER for both 
fibers. The minimum achievable BER is the same for both 
fibers. When sending only OAM±1, we reach the minimum of 
BER with 20 and 90 half-symbol-spaced taps for RCF and  

(a) 

(b) 
Fig. 7. BER at OSNR = 25 dB vs. number of taps, sending all modes and 

(a) detecting
0OAM  , (b) detecting OAM±1; IPGIF is 1.2 km, RCF is 1.47 km. 

(a) 

(b) 
Fig. 6. BER at OSNR = 16 dB vs. number of taps, (a) sending only 

0OAM , (b) sending only OAM±1; IPGIF is 1.2 km, RCF is 1.47 km. 
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IPGIF, respectively, corresponding to 0.625 ns and 2.8 ns. The 
required equalizer memory depth is due to pulse broadening in  
OAM±1 channels. Increasing the number of equalizer taps 
compensates for ISI due to pulse broadening.  

Next, we report in Fig. 7, the BER versus number of taps 
when sending both mode groups (all 4 data channels). 
Fig. 6(a), (b) show the BER at the receiver for the zero and 
one order modes, respectively. Comparing Fig. 5 (one mode at 
a time) and Fig. 6 (all modes), achievable BER is lower and 
there is an OSNR penalty to reach that BER. Note measure-
ments in Fig. 6 and Fig. 7 are evaluated at OSNRs of 16 dB 
and 25 dB, respectively. When sending all channels, regard-
less of memory depth used, RCF fiber always outperforms 
IPGIF on all data channels due to lower crosstalk.  
For 0OAM  , Fig. 7(a), we again observe no BER dependency 

on equalizer memory depth. For OAM±1, Fig. 7(b), beside the 
OSNR penalty, we observe more required taps for both fibers 
to reach the minimum of BER compared to the crosstalk-free 
case of Fig. 6(b). We reach the minimum of BER with 160 
taps (5 ns) for IPGIF and 170 taps (5.3 ns) for RCF. The rea-
son for increased number of taps, compared to the case of 
sending only OAM±1, is the crosstalk from 0OAM   channels 

as discussed in the next section.  
 

C. BER and required memory depth for two lengths of RCF 

To further investigate the impact of crosstalk from 0OAM   

on equalizer memory depth in OAM±1 channels, we examine a 
0.45 km RCF fiber with crosstalk of -15.5 dB between 0OAM   

and OAM±1. DMGD01 and DMGD11 can be inferred from the 
1.47 km fiber measurement using the ratio of fiber lengths 
(0.45/1.47 ≈ 0.3). DMGD11 is about1.26 ns for the shorter fi-

ber. In Fig. 8 we compare BER performance for OAM±1 chan-
nels for these two RCF lengths. The required memory depth to 
reach minimum BER for 0.45 km fiber is around 15 taps or 
~0.47 ns, which is smaller than its DMGD11. The required 
memory depth for 1.47 km fiber at minimum BER is around 
160 or 5 ns, which is larger than its DMGD11. In next section, 
we discuss the relationship between memory depth require-
ment and modal interactions observed in section III.  

V. DISCUSSION ON RECEIVER PERFORMANCE AND 

COMPLEXITY  

We summarize the parameters related to receiver complexi-
ty for OAM±1 channels that were estimated in experiments in 
Table IV. In the first column, we have the crosstalk from 

0OAM  on OAM±1. In the other columns are time constants 

measured first in characterizing the fibers and then via BER 
evaluation (equalizer memory depth).  

Consider RCF and IPGIF at lengths above a kilometer. The 
pulse broadening (Fig. 4) when measured as all points above 
the noise floor is reasonably close to DMGD11 measured in 
ToF (Fig. 2). DMGD11 measures time between peaks, but not 
the edges of the interactions on either side of these peaks, 
hence it is natural that DMGD11 is smaller than the pulse 
broadening. This time constant is closely related to the equal-
izer memory depth when sending all modes (darker shading on 
these values). 

Pulse broadening at full width 0.1 maximum  is a close 
match to memory depth of equalizers when sending only 
OAM±1, i.e., with no crosstalk present (lighter shading on 
these values). We probed the level of broadening having sig-
nificant impact on DSP complexity, and settled on the 
0.1 maximum value.  

The interactions among TE01/TM01 and HE21 are the prima-
ry source of intersymbol interference, as data moves between 
the three vector modes. These strong modal interactions lead 
the full width 0.1 maximum pulse broadening of IPGIF to be 
nearly equal to the noise floor broadening measurement; the 
broadened pulse is nearly rectangular. With lower interactions 
in RCF, the broadened pulse rolls off more slowly.  

When sending only OAM±1, crosstalk is absent and ISI is 
the only impairment to overcome. Hence, the equalizer 
memory depth is determined by a time constant nuanced with 
the level of interaction within the mode group, i.e., the full 
width 0.1 maximum pulse broadening. Note that equalizer 
memory depth will always be larger than the relevant time 
constants to compensate the other impairments as well (e.g., 
imperfect sampling, limited RF bandwidth, limited sample 
resolution, etc.) [30], [31]. 

When sending all channels and detecting OAM±1, crosstalk 
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Fig. 8. BER vs number of taps for OAM±1 channels, RCF fibers of 1.47 km 

at OSNR=25 dB and 450 m at OSNR=16 dB 

Table IV. Summary of parameters in characterization and data transmission related to memory depth of equalizers  

 Characterization measurements Data transmission 

Fiber 

crosstalk ToF impulse response equalizer memory depth 

HE11 on 
HE21 

DMGD11 
pulse broaden-

ing: 
noise floor 

pulse broaden-
ing:  

10dB 

sending  
only OAM±1 

sending  
all modes 

RCF 1.47 km -10.5 dB 3.8 ns 4.9 ns 0.6 ns 0.62 ns 5.3 ns 
IPGIF 1.10 km -7 dB 1.7 ns 2.1 ns 2.0 ns 2.8 ns 5 ns 
RCF 0.45 km -15.5 dB 1.26 ns 0.4 ns 0.3 ns – 0.5 ns 
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from 0OAM  is present as well as ISI. The memory depth is 

increased as the equalizer uses more taps to gather energy 
from the desired signal to overcome crosstalk. The relevant 
time constant is now the DMGD11. The equalizer scavenges all 
available traces of the desired signal in the isolated, single port 
to which it has access. By exceeding the DMGD11 (which 
measures time between peaks, but not the edges of the interac-
tions on either side of these peaks), our equalizers collect sig-
nal energy in HE21 that goes to TE01/TM01 and HE11 and comes 
back to HE21 in the enlarged time span. Furthermore, by using 
a higher memory depth, the errors due to pulse broadening 
from a larger number of adjacent symbols will be corrected. 
Without full MIMO, i.e., without access to data leaked to the 
unobserved port, the receiver has very limited improvement 
for memory depth significantly beyond DMGD11, as seen in 
the BER floor.   
Finally, we compare the two RCF fibers of length 0.45 km and 
1.47km. The DMGD11 scales linearly with fiber length, but 
equalizer memory depth is more than 10 times larger for the 
longer fiber. The crosstalk is more than 3 times larger in the 
longer fiber. This reinforces our argument that larger crosstalk 
leads to memory depth greater than DMGD11. In the shorter 
fiber where the BER penalty due to crosstalk is negligible, the 
memory depth is much smaller (.5 ns) than DMGD11, 
(1.26 ns). Tap number reduction exceeding the ratio of RCF 
lengths can be attributed to differences in pulse broadening. In 
Fig. 5(b), where pulse broadening in 1.47 km and 450m RCF 
is depicted, tails of the impulse response at 450 m are much 
less extensive than those in the longer fiber; at 450 m the pulse 
broadening gives very consistent figures of merit ( full width 
0.1 maximum pulse width or noise floor pulse width).      

Time domain equalization was used to facilitate interpreta-
tion of results, in particular the relevance of time constants 
observed in our ToF and impulse response characterizations. 
A practical system would use frequency domain equalization 
for memory depth greater than 16 taps [32].    

VI. CONCLUSION 

We observed different memory depth requirements in recep-
tion of data carried by OAM modes of order zero and one. We 
investigated the source of this difference via channel charac-
terization and data transmission. Unlike LP-MDM, TE01/ 
TM01 modes are not data carrying for OAM-MDM. These 
modes are nonetheless incidentally excited, and therefore be-
come parasitic modes in the fiber, interacting with data carry-
ing modes. Their interaction with HE21 can result in pulse 
broadening and ISI for data transmitted in OAM±1 channels. 
Results shows that memory depth of equalizers in OAM±1 
channels is directly related to this phenomenon, as well as 
channel crosstalk. For OAM-MDM systems targeting a low 
complexity receiver, the interactions between data carrying 
HE11 and HE21 modes and non-data carrying TE01/ TM01 
should be minimized in fiber design. If this is not possible, 
higher order modes may be more appropriate as their interac-
tion with parasitic modes would be much reduced.   
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