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Abstract—The use of Multimode fibers (MMFs) in the low-

frequency region has been studied. It is found that many available 

low-frequency passbands can be used as channels. However, 

these passbands are frequency-selective channels, which can 

negatively affect to the transmitted signal. To lessen this effect, 

Linear Block Code (LBC) along with a careful selection of 

passbands is applied. In this work, the performance in terms of 

BER and data rate for an MMF communication system using a 1-

km length MMF at low-frequency passbands with different 

schemes of LBC is studied. This study uses subcarrier 

multiplexing (SCM) with a 3-dB modal bandwidth and other 

low-frequency passbands as channels. The results show that by 

using (31, 26) LBC and Type-I bit allocation, a data rate of 494 

Mbps can be obtained with a BER lower than 10-9. Moreover, a 

BER lower than 10-14 can be achieved with a data rate of 399 

Mbps, which is two-fold higher than the data rate obtained using 

only the 3-dB modal bandwidth. Additionally, the BER versus 

data rate for different cases in terms of applying LBC to the 

system are found and can be practically used as a guideline in 

selecting a BER and data rate that are suitable for the minimum 

requirement of a given communication system. 
 
Index Terms—Bit error rate, data rate, linear block code, 

multimode fibers, passbands, subcarrier multiplexing 

I. INTRODUCTION 

Multimode fiber (MMF) is one type of optical fiber. 

There are many guided modes in this kind of fiber [1]. 

Optical communication systems using multimode fibers 

are the most popular communication systems worldwide. 

They are widely used for short-haul communication, such 

as indoor communication and communication between 

buildings. However, the 3-dB modal bandwidth, which is 

the most commonly used multimode fiber, is limited to 

200-500 MHz·km, depending on the fiber type, length, and 

other characteristics. To overcome this limitation, 

selective mode excitation [2]-[4], which is one kind of 

Mode Division Multiplexing (MDM), has been studied. 

Selective mode excitation aims to excite only a specific 

mode or the polarization of a mode. Thus, the frequency 

response of MMF is more stable because of the limited 

number of modes, resulting in a wider 3-dB modal 

bandwidth. Additionally, during signal transmission using 

MDM, the complex distortion of the light field can be 

exploited. It is resulting in difficult challenges to decode 

the transmitted data, yielding an enhancement of 

information security [5], [6]. However, selective mode 

excitation can improve only the short-haul MMF 

communication systems since mode mixing, resulting in 

cross-talk between modes, becomes significant as the 

length of the fiber increases. Instead of focusing only on 

the 3-dB modal band, the use of the multimode fiber’s 

high-frequency region, which is higher than the 3-dB 

modal band, has been considered for bandwidth 

enhancement. It is found that as the frequency increases, 

the magnitude response of MMF does not decrease 

monotonically but becomes relatively flat at a particular 

level lower than the level at the 3-dB modal band [7]. In 

this high-frequency region, many passbands are available 

that can be used as channels in signal transmission. 

Additionally, the average bandwidth of each passband is 

approximately identical to the 3-dB modal bandwidth. 

However, these passbands are frequency-selective 

channels, meaning that the nulls in the response are 

numerous and vary from fiber to fiber. One technique that 

has been used to reduce the effect of frequency-selective 

fading channels is spread spectrum modulation, which is 

developed to increase the tolerance for signal transmission 

over frequency-selective fading channels. Direct Sequence 

Spread Spectrum (DSSS) [8]-[12], which is one kind of 

spread spectrum modulation, has been used to mitigate this 

issue. In DSSS, the original signal is multiplied with a 

known spread sequence, which covers a larger bandwidth 

than the original signal. The multiplication results in a 

wider bandwidth signal called the spread spectrum signal, 

in which the tolerance for the frequency-selective fading 

channel is added. To further improve the tolerance level, it 

has been suggested that a larger bandwidth spread 

sequence must be used, thus resulting in a larger required 

bandwidth for the spread spectrum signal. However, this 

approach then means that for a given MMF high-frequency 

bandwidth, the real data rate to be transmitted over this 

bandwidth is reduced. Additionally, as discussed 

previously, the bandwidth of each possible available 

passband in the high-frequency region of MMF 

approximately equals the 3-dB modal bandwidth. This 
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circumstance means that covering a larger bandwidth will 

also cover many possible nulls, which can further degrade 

the signal transmission. 

One alternative technique that has been used to transmit 

a high data rate signal in the high-frequency region and 

lessen the signal degradation from nulls of MMF is 

Orthogonal Frequency Division Multiplexing (OFDM) 

[13]-[17]. In OFDM, multiple spaced orthogonal 

subcarrier signals with overlapping parallel narrow-band 

subcarriers are transmitted instead of a single wide band. 

Each spaced orthogonal subcarrier signal is sent by a lower 

data rate to maintain the total data rates as the rate sent by 

the conventional single-carrier modulation schemes. 

Unfortunately, the orthogonality between subcarriers of 

the OFDM system will be bothered by intercarrier 

interference (ICI) due to the high relative speed under 

rapidly time-varying multipath channels. One good choice 

to mitigate the effects of ICIs and reduce the effects of 

multiple nulls of MMF is subcarrier multiplexing (SCM). 

In SCM, the transmission signal is separated into multiple 

smaller data rate signals and then sent through the fiber 

using different subcarrier frequencies to avoid ICI and 

nulls of MMF. Applying the SCM to the high-frequency 

region of the MMF can help utilize the passbands 

effectively if the proper subcarrier frequencies, which are 

not located at or near any nulls, are known. In [18], the 

passbands at frequencies between 0.2 and 1.6 GHz or the 

low-frequency passbands have been studied and 6 

available passbands are found. The middle frequency of 

each passband can be estimated. Using the estimated 

frequencies as subcarrier frequencies in SCM, the low-

frequency passbands of MMF can then be used properly as 

channels for transmitting subcarrier signals. The 

performance of SCM transmission with MMF over these 

low-frequency passbands has been obtained [19], [20]. It 

is found that a total data rate of 500 Mbps with a Bit Error 

Rate (BER) lower than 10-6 can be obtained. It is also 

found that some low-frequency passbands can degrade the 

transmitted subcarrier signals. To lessen this effect, an 

error-correction code should be applied so that any errors 

affected by a particular passband can be corrected at the 

receiving end. There are two major classes of error-

correction codes: convolution codes and block codes [21]. 

For convolution codes, any incorrect decoding process 

performed at the receiving end may result in catastrophic 

error propagation affecting the subsequent decoding 

process. On the other hand, for block codes, the original 

bits are divided into blocks, and each block is coded by 

adding extra bits to the block. The decoding process for 

any coded block is done independently from other coded 

blocks; hence, there is no catastrophic error if this coded 

block is decoded incorrectly. Linear block codes (LBCs) 

are one type of block code that can help correct any 

number of error bits depending on the design of the code. 

For example, (7, 4) LBC, in which each block contains 4 

data bits and 3 extra bits, can correct any one-bit error at 

the destination. This (7, 4) LBC has been adopted with the 

SCM MMF system over low-frequency passbands [22] in 

hopes of lessening the effect of the null frequency at the 

passbands. A BER lower than 10-8 with a total data rate of 

392 Mbps can be obtained. BER improvement can be 

achieved once LBC is implemented in the system. 

Since DSSS needs a very large bandwidth for signal 

transmission and the ICI may be occurred while using 

OFDM technique for signal transmission in low-frequency 

regions. Many studies have shown that using SCM and 

LBC is a potential technique for high data rate signal 

transmission over MMF at low-frequency regions. SCM is 

used in utilizing the available low-frequency passbands of 

MMF as subcarrier channels. The total data rate obtained 

from the SCM MMF system is higher than the data rate 

gained only from the 3-dB modal band. The BER of the 

system is improved as LBC is applied. However, it is 

found that using LBC with one-bit error correction for data 

encoding may not be adequate to undo the errors 

introduced by some low-frequency passbands. Since the 

obtained BER is still 10-8, which is too high to use in 

optical communication system. Therefore, using two-bit 

error correction code should be considered. Hence, it is 

interesting to view how the system performs if LBC with 

one-error-bit and two-error-bit correction codes are 

adopted with different types of bit allocation.  

The purpose of this study is to determine the 

performance in terms of BER and data rate of a 1-km MMF 

SCM communication system. Different number of low-

frequency passbands and different bit-allocations for LBC 

(whether one- or two-bit correction) are considered. 

Eventually, the BER versus data rate for different cases are 

summarized.  

This work is presented as follows. An introduction has 

already been provided in Section I. Related theories, for 

example, handling low-frequency MMF response, linear 

block code, and the determination of the Q-parameter, are 

discussed in Section II. The communication system model 

and methodologies used in this work are described in 

Section III. In Section IV, the results of this work are 

shown and discussed. Finally, the findings in this work are 

summarized in Section V. 

II. RELATED THEORY 

A. Low-Frequency Response of MMF 

The frequency response of multimode fibers has 

previously been studied. Studies have shown that the MMF 

response depends on the delay of the guided mode in the 

fiber and can be determined as shown in Eq. (1) [23]. 

                       ( )
mode

,2

1

d n

N
j ft

fiber

n

H f e
−

=

=              (1) 

where Hfiber(f) is the frequency response of MMF, 

  Nmode is the number of guided modes, and 

          td,n is the delay time of the nth mode, which can be 

modeled as a uniform random variable. 

Eq. (1) shows the frequency response of MMF as the 

summation of Nmode exponential terms, each with different 

delay times. The delay times in Eq. (1) are defined 
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statistically as a uniform random variable with an average 

time delay of td,avg and a deviation of td,dev. For example, if 

the length of MMF is 1 km, with td,avg = 5 𝜇s, td,dev = 2.5 ns, 

and Nmode = 100 modes, then three frequency responses of 

the multimode fiber can be shown in Fig. 1. These three 

responses are from the three sets of delay times, td,n, which 

are randomly selected using a uniform distribution with the 

average and standard deviation, as mentioned earlier. 

 

Fig. 1. Three MMF frequency response when Nmode = 100, td,avg = 5 s, 

and td,dev = 2.5 ns.  

Fig. 1 shows that many passbands are available at low 

frequencies from 0 - 1.6 GHz. The bandwidths for these 

passbands are very similar; that is, approximately 200 

MHz, which is identical to the bandwidth of the 3-dB 

modal band at zero frequency. The three MMF low-

frequency responses in Fig. 1 are very similar, and they 

occur from 0 to 200 MHz, which is referred to as the 3-dB 

modal bandwidth. Considering the frequency higher than 

200 MHz shows that many passbands are available, and it 

has been studied that statistically, the bandwidth of these 

passbands is approximately identical to the 3-dB modal 

bandwidth. Hence, if these passbands are used as channels 

in signal transmission, the higher data rate in the MMF 

communication system can be increased. However, as seen 

from Fig. 1, passbands must be chosen carefully since the 

responses are frequency-selective and vary from fiber to 

fiber. The optimal frequencies between 0 to 1.6 GHz have 

been previously analyzed [17], and seven useful passbands 

have been identified. One of these frequencies is inside the 

3-dB modal band, and the other six are low-frequency 

passbands beyond the 3-dB modal band. Within each of 

these seven passbands, the most efficient peak frequencies 

fpeak,avg (i) in GHz units for use as subcarrier frequencies 

are found as follows in Eq. (2): 

( ),

,

0            ;  0
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i

f i i
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t
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


     (2) 

where i is the ith-passband. 

Eq. (2) shows how subcarrier frequencies have been 

determined for the seven low-frequency passbands. The 

first one (for i = 0 in Eq. (2)) is a 3-dB modal bandwidth, 

and the other six are low-frequency passbands (for i = 1 to 

6). Using Eq. (2) with td,dev = 2.5 ns, the fpeak,avg values for 

passband #0 to passband #6 can be determined, that is, at 

0, 267, 528, 789, 1,050, 1,311, and 1,572 MHz. Comparing 

these calculated fpeak,avg values to the corresponding 

simulated fpeak,avg values, the errors in percentages are 

determined and shown in Fig. 2 [17]. 

Fig. 2 shows that Eq. (2) can be used to estimate fpeak,avg 

for low-frequency passbands, with all error rates lower 

than 4%, except for passband #1, where the error rate is 

7.18%. However, a better formula specifically developed 

for determining fpeak,avg for passband #1 calculated this 

value as 300 MHz [18]. This leaves a revised list of fpeak,avg 

values for passbands #0 to #6 of 0, 300, 528, 789, 1,050, 

1,311, and 1,572 MHz. These fpeak,avg values for passbands 

#0 to #6 have been used in MMF communication systems 

[18], [19], [21] to study the performance of the low-

frequency passbands. The results show that some of these 

passbands are affected by the null MMF response. This 

effect can be reduced using linear block code [21].  

 
Fig. 2. Comparing estimated and simulated fpeak,avg values [17].  

B. Linear Block Code 

Although the encoding of data is an effective 

methodology for increasing the performance of 

communication systems, using encoded data adds 

complexity to a communication system, and the 

transmission rate decreases, so choosing the appropriate 

type of encoding is crucial. One common type of encoding 

used in communication systems is forward error correction 

(FEC). FEC is used to correct error bits at the signal 

destination without requesting retransmission from the 

transmitting end. Two major kinds of systematic FEC are 

used: convolutional code and linear block code (LBC) [23], 

[24]. These two kinds of codes use the original message 

bits as the input for generating the parity check bits, which 

will be appended to the input message bits forming coded 

bits. One major difference between these two kinds of 

FECs is the memory requirement. The convolutional code 

requires memories in the coding process, while LBC does 

not. For LBC, a sample model with k-input message bits 

and n-output encoded bits is shown in Fig. 3. 

Fig. 3 shows how the original message bits are divided 

into blocks of k bits, which are represented as matrix m in 

Eq. (3). Then, each k-bit block produces the encoded n bits, 

which are represented as matrix c in Eq. (3). The n bits 

consist of the original k bits and (n – k) parity bits. The 
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number of error bits that can be corrected depends on the 

number of parity bits. The encoded matrix c is determined 

by multiplying the vector m and the generator matrix G, as 

shown in Eq. (3) [25]. 

 
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Fig. 3. Model of the (n, k) linear block code. 

Eq. (3) shows how linear block codes are generally 

defined by two parameters: n and k. These two values are 

used to identify any given linear block code. Many kinds 

of linear block codes are available, including one-bit error 

correction, for example, (7, 4), (15, 11) and (31, 26), and 

two-bit error correction, for example, (15, 7) and (31, 21). 

In the case of (7, 4), (15, 11), (15, 7) and (31, 26) linear 

block codes, the generator matrix G can be determined 

using the respective generator polynomials [25]: 

( ) 3 1g x x x= + + , ( ) 4 1= + +g x x x , 

( ) 8 7 6 4 1= + + + +g x x x x x  and 

( ) 10 9 8 6 5 3 1= + + + + + +g x x x x x x x , respectively. An 

LBC with a relatively high k/n ratio is considered a “high 

code rate” LBC. One can see that the higher the code rate 

of a given LBC, the more complicated its generator matrix 

G will be. 

C. Q-Parameter 

The effectiveness of digital communication systems is 

often measured with the bit error rate (BER) parameter. 

This parameter can be described as the probability that bit 

error can occur at the signal destination. Normally, the 

minimum required BER for the optical communication 

system is lower than 10-9. The Q-parameter is a semi 

analytical technique that can be applied to a 

communication system to evaluate its BER. For example, 

the Q-parameter will be an important factor when 

calculating the BER of an amplitude shift keying (ASK) 

transmission. In an ASK transmission, when sending 

binary data, there are 2 amplitudes representing bit 0 and 

bit 1. If bit 0 is represented by amplitude = 0 and bit 1 is 

represented by amplitude = 1, then ASK transmission will 

be referred to as on-off keying (OOK). Noted that OOK is 

indeed intensity modulation, which is the modulation 

technique commonly used in optical communication 

system. Additionally, utilizing this type of modulation, the 

phase noise caused by different delays from different 

guided modes of the multimode fiber cannot affect the 

system performance.  When a signal arrives at the 

destination, the communication system needs to first look 

at the signal as a whole and define the “decision threshold” 

(Ithreshold), above which a bit will be considered bit 1 and 

below which it will be considered bit 0. In preparation for 

determining the decision threshold, the communication 

system first calculates the respective average amplitudes 

of the received signals for bit 0 and bit 1 (that is, 0 and 1, 

respectively) and the corresponding standard deviations 

(that is, 0 and 1, respectively), as shown in Fig. 4. 

 
Fig. 4. Eye pattern from the received signal and average amplitudes for 

bit 0 and bit 1.  

With the average amplitudes and standard deviations of 

bit 1 and bit 0 in hand, the decision threshold (Ithreshold) can 

be determined with Eq. (4) [7]: 

               0 1 1 0

0 1

thresholdI
   

 

+
=

+
                            (4) 

The average amplitudes and standard deviations can 

also be used to calculate the BER for this OOK 

transmission, as shown in Eq. (5) [19]: 

               ( )1 0

1 0

OOKBER K K x
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           (5) 

where 0 = the average amplitude of the received bit 0 

                       signal, 

1 = the average amplitude of the received bit 1  

         signal, 

0 = the standard deviation of the received bit 0 

        Signal, 

1 = the standard deviation of the received bit 1 

Signal, 

          K(x) is the probability that a zero-mean unit- 

                     variance Gaussian random variable exceeds x. 

From the discussion done in this section, it is seen that 

low-frequency passbands of MMFs can be used as 

channels for an SCM system, as shown in Fig.1, in order 

to increase the total data rate of an MMF communication 

system. Carefully selection of peak frequencies for each 

passband suggested in [18] is useful since it can reduce the 

opportunity of null-frequency selection. In this work, the 

related theory about MMFs and peak-frequency selection 

m1 m2 mk-1
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is applied. To further reduce the obtained BER, linear 

block codes with different numbers of bit-error correction 

are studied. Additionally, different sets of low-frequency 

passbands to be used as sub-channels are considered. The 

results from the study should provide an insightful 

performance in terms of BER and data rates of an MMF 

communication system using low-frequency passbands 

with linear block codes.     

III. METHODOLOGY 

In this section, the methodology for the study is 

described. The diagram explaining the scope of this work 

is shown in Fig. 5.  

Input data, Rb

1- or 2-bit error 

correction

Type of bit 

allocation

Selection of 

MMFs

Selection of 

passbands

Input Linear Block Codes SCM MMF system

Received signal 

analysis

BER 

 
Fig. 5. Diagram for the study. 

From Fig. 5, it is seen that there are four major parts 

involved in this study. The first part is the input data, in 

which the data rate of Rb is considered. Next, the input data 

will be encoded using linear block codes. The number of 

error bits to be corrected and type of bit-allocation to be 

used are selected. The explanation about bit-allocation is 

given in Part C of this section. The encoded bits are then 

sent to the SCM MMF communication system. At this part, 

5 MMFs will be used and different selections of low-

frequency passbands are studied. The selected 5 MMFs are 

explained in Part B. The received signal will be analyzed 

and the BER will be evaluated. BER determination for 

different types of LBCs and bit-allocation types is shown 

in Part D.  

A. Optical Communication System with SCM 

Now, a multimode fiber communication system using 

subcarrier multiplexing (SCM) and linear block code will 

be described. The communication model developed for the 

current study is shown in Fig. 6. 

Fig. 6 shows how the input data bits are generated at the 

“Bit Gen” block with a total data rate of Rb. These data bits 

are sent to a block encoder to generate the coded output 

bits. The bit rate of the output is thus increased to Rb,coded, 

which depends on the kind of linear block code used. 

These coded bits are sent to a serial-to-parallel block to 

separate the coded bits into many paths (7 paths, as seen 

from the figure). The coded data for each path are sent to 

“Pulse Gen” to generate Gaussian pulses if the coded data 

are bit 1; otherwise, the output signal will be zero. This 

signal is then sent to the corresponding ASK generator to 

create that path’s ASK signal. Each signal is then 

forwarded to its assigned modulator. The seven subcarrier 

frequencies in this work are represented as fsub,0; fsub,1; fsub,2; 

fsub,3; fsub,4; fsub,5; and fsub,6, which are at 0, 300, 528, 789, 

1,050, 1,311, and 1,572 MHz, respectively. The prepared 

subcarrier signals are then bundled and moved to the laser, 

where they are converted from an electrical signal to a light 

signal. Now, the light signal is transmitted over the 

multimode fiber with td,avg = 5 𝜇s, td,dev = 2.5 ns, Nmode = 

100 modes, and a fiber length of 1 km. At the signal 

destination, the received light signal is detected by the 

photodetector, which is mathematically modeled as a 

square-law detector (assuming that PIN detector and 

transimpedance amplifier receiver are used). Then, the 

received light signal is transformed into the received 

electrical signal. Thermal noise is added to the received 

electrical signal. The received electrical signal is sent to 7 

bandpass filters. Each filtered signal is demodulated and 

low-pass filtered back to its baseband signal. Each 

demodulated signal is sent to the decision circuit to 

identify each received output bit as either 0 or 1. The seven 

output bitstreams then meet again at the parallel-to-serial 

block, where they are once more combined and sent 

onward at a total data rate of Rb,coded. Finally, the combined 

output bits are sent to a decoder block to correct any errors 

that occurred during transmission. The data rate and BER 

of this optical system are measured to evaluate its 

performance. 

 
Fig. 6. This study’s multimode fiber communication model. 
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B. Selecting Multimode Fibers for the Study  

This study uses five MMFs for all tests, and since 

variation in individual fiber performance occurs naturally, 

the five fibers used need to realistically represent that 

variation. Therefore, ten MMFs will initially be tested for 

individual BER performance, and then based on the results, 

the five fibers for use in this study will be selected in the 

following way. First, the two fibers with the highest BERs 

will be selected for use. Next, the two fibers with the 

lowest BERs will also be selected for use. Finally, the 

average of the six remaining fibers’ BERs will be 

calculated, and the fiber from those six that is closest to 

that average BER will be the final fiber selected. To this 

end, each of the ten initial MMFs was tested using the 

model shown in Fig. 6, except that neither the linear block 

encoder nor the linear block decoder was used. A random 

bit signal was transmitted with a total data rate of 800 

Mbps sent over the MMF with the 7 low-frequency 

channels specified earlier (passbands #0 to #6, ranging in 

frequency from 0 to 1.6 GHz). The total data rate of 800 

Mbps was divided between the seven channels, with a data 

rate of 200 Mbps transmitted over passband #0 (the 3-dB 

modal bandwidth) and 100 Mbps transmitted over each of 

the other 6 passbands (passbands #1 to #6). This study was 

then repeated using three other total data rates: 600, 400, 

and 300 Mbps. Similarly, each of these lower total data 

rates was allocated into the seven passbands using the 

same earlier proportions. Thus, there were 40 tests (10 

fibers × 4 data rates). All the BER results are shown in Fig. 

7, where they are grouped by data rate. 

 
(a) Rb = 300 Mbps             (b) Rb = 400 Mbps 

 
(c) Rb = 600 Mbps             (d) Rb = 800 Mbps 

 

Fig. 7. The 10 BER curves for each of the 4 data rates. 

The BER curves from the 10 MMFs with data rates of 

300, 400, 600 and 800 Mbps in Fig. 7(a), 7(b), 7(c) and 

7(d), respectively, show that when the received optical 

power is increased, the obtained BERs decrease. Looking 

at Fig. 7(a), when the received optical power (Pr,optical,req) 

is higher than -15 dBm, the lowest BER curves are Fiber 

#2 and Fiber #8, which are lower than 10-7, while the 

highest BER curves are Fiber #6 and Fiber #10. The other 

BER curves are distributed between these highs and lows. 

In all three remaining data rates, the highest and lowest 

BER curves are the same as in Fig. 7(a). Therefore, using 

the fiber selection criteria explained above, the 5 MMFs 

used in this study are Fiber #2, Fiber #6, Fiber #8, Fiber #9 

and Fiber #10, which will hereafter be referred to as Fiber 

A, Fiber B, Fiber C, Fiber D and Fiber E, respectively. 

C. Bit Allocation 

As mentioned earlier, 7 low-frequency passbands 

(passbands #0 to #6) are used as a channel for sending the 

encoded signal in the form of linear block code. The 

encoded bit allocation of each passband is shown in Fig. 8. 

Since the transmission capacity of passband #0 is twice 

that of any of the other six passbands, passband #0 appears 

twice in Fig. 8.  

In Fig. 8, each block of the (7, 4) LBC consists of 7 bits: 

3 parity bits (p0, p1, and p2) and 4 message bits (m0, m1, m2, 

and m3). Two bits are allocated to passband #0 (the 3-dB 

modal bandwidth), and one bit is allocated to each of the 

other 6 passbands. In the first block, shown in the first 

seven hatched squares under the passband labels, bits p0 

and p1 are transmitted over passband #0, followed by bits 

p2, m0, m1, m2 and m3, transmitted over passbands #1 to #5, 

respectively. Since passband #6 was not used for sending 

the first block, the second block transmission will start at 

passband #6. Therefore, in the second block, bit p0 is 

transmitted over passband #6, followed by bits p1, p2, m0, 

m1, m2 and m3, which are transmitted over passbands #0 to 

#4, respectively. This sequence is repeated for a total of 

eight blocks, forming seven rows in Fig. 8, before these 

seven rows simply start over again. In this way, the parity 

bits are distributed across every available slot of every 

available passband, leaving no slot vacant and making 

most of the available bandwidth. However, using linear 

block codes other than (7, 4) will require a different 

allocation of bits. The other LBCs used in this study are 

(15, 11), (15, 7), (31, 26), and (31, 21) LBC. The bit 

allocations for transmitting (15, 11) and (15, 7) LBC are 

shown in Fig. 9. 

 

 
Fig. 8. Bit allocation for this study’s (7, 4) LBC transmission. 

#0 #0 #1 #2 #3 #4 #5 #6

Passband

p0 p1 p2 m0 m1 m2 m3 p0

p1p1 p2 m0 m1 m2 m3 p0

p1 p2p2 m0 m1 m2 m3 p0

m0 m1 m2 m3 p0

m1 m2 m3 p0 p1 p2 m0 m1

m2 m3 p0 p1 p2 m0 m1 m2

m3 p0 p1 p2 m0 m1 m2 m3

p1 p2 m0

Parity bitspi

mi Message bits
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#0 #0 #1 #2 #3 #4 #5 #6

Passband

#0 #0 #1 #2 #3 #4 #5 #6

Passband

(a) (15, 11) and (15, 7) LBC Type-I

(b) (15, 11) and (15, 7) LBC Type-II

Vacant slot

Occupied slot for the even-

numbered blocks

Occupied slot for the first and 

odd-numbered blocks 

 

Fig. 9. Bit allocation for (15, 11) and (15, 7) LBCs. 

In Fig. 9, (15, 11) LBC and (15, 7) LBC have a similar 

bit-allocation pattern, and bits can be allocated into the 

slots in two ways, referred to as Type-I and Type-II. In 

Type-I, all slots are assigned encoded bits, without leaving 

any slot vacant. The bit-allocation pattern is repeated every 

eight blocks of encoded bits. In this first type of bit 

allocation, each passband is fully utilized, wasting no 

bandwidth and resulting in a high transmission rate. 

However, if attenuation occurs in any passband in Type-I, 

multiple error bits may be received at the destination. On 

the other hand, Type-II bit allocation in Fig. 9(b) is not a 

set of eight repeating blocks but rather a single block 

repeating over and over, and that block always has one 

vacant slot in passband #6, since all 15 encoded bits are 

already assigned. The data rate of Type-II bit allocation is 

slightly lower than that in Type-I (because of that one 

unoccupied slot). However, if any attenuation occurs in 

passband #6, it will cause fewer error bits because an 

empty slot contains no data that can be corrupted. Because 

of its potentially lower error rate, Type II may result in a 

lower BER than Type I. Although not shown explicitly 

here, the bit-allocation patterns of (31, 26) LBC and (31, 

21) LBC are very similar to Fig. 9, again each having a 

Type-I allocation of 8 repeating blocks and a Type-II 

allocation of a single repeating block. 

D. BER Determination 

As mentioned earlier, the BER of any OOK signal 

transmission can be calculated using Eq. (5). For example, 

in the case of the (15, 11) linear block code Type-I shown 

in Fig. 9(a), two bits are assigned to passband #0, and one 

bit is assigned to each of the other six passbands. This bit -

allocation pattern is repeated every eight blocks of 

encoded bits. The probability of there being no error 

during transmission of this 15-bit block over the 

multimode fiber can be calculated as follows: 

                            
( )

1 1

Type-I

1

[no error]

nm

j

l j

p

P
m

= =

 
− 

 
=

 
             (6) 

where pj is the probability of a bit error occurring in the jth  

                   bit, 

       n is the number of encoded bits in a single block; in  

                   this case, 15, 

     m is the number of repetitions of the full bit - 

                    allocation pattern, in this case, 8. 

which yields: 
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Since the (15, 11) linear block code can correct one-bit 

error per 15-bit block transmission at the signal destination, 

then the probability of having a one-bit error is as follows: 

1     1 1,

Type-I

(1 )

[1-bit error]

nm n

i j

l j i i j

p p

P
m

= = = 

   
−     

    
=

  
          (8) 

where pi is the probability of a one-bit error occurring in 

the ith bit. 

          

158 15

1     1 1,
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[1-bit error]
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i j

l j i i j

p p
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= = = 
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           (9) 

Using Eq. (7)  and (8), the system BER can then be 

calculated as follows: 

   Type I Type I

Type-I

1 [no error] [1-bit error]P P
BER

n

− −
=            (10) 

Thus, 

   Type I Type I

Type-I

1 [no error] [1-bit error]

15

P P
BER

− −
=            (11) 

Eq. (11) shows that the probability of a wrong decision 

(i.e., an error bit) in a received 15-bit block is the 

complement of the combined probabilities of no error and 

one-bit error divided by 15. A similar calculation can be 

used to obtain the system BER for Type-II bit allocation. 

The calculation will be less complex since in Type-II bit 

allocation, only a single block is repeated over and over 

during transmission of the encoded bits via the multimode 

fiber. However, a (15, 7) linear block code can correct two-

bit errors per 15-bit block transmission at the signal 

destination. To find the BER in this case, one needs three 

things: the probability of no error occurring during 

transmission of the 15-bit block, the probability of having 

a single bit error, and the probability of having two-bit 

errors. The probability of having two-bit errors can be 

calculated as follows: 

    1     1 1,

Type-I

(1 )

[2-bit error]

nm n

i j k

l j i i j k

p p p

P
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= = =  
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where pk is the probability of a bit error occurring in the kth 

bit. 

Thus, 

   

158 15

1     1 1,

Type-I

(1 )

[2-bit error]
8

i j k

l j i i j k

p p p

P
= = =  

   
−      

    
=

  
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The system BER of the (15, 7) linear block code can 

then be determined as follows: 

                        

Type I

Type I

Type I

Type-I

1 [no error]

[1-bit error]

[2-bit error]

15

P

P

P
BER

 −
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Note that a similar calculation can be done to find the 

system BER of any linear block code having a Type-II bit 

allocation and two-bit error correction. 

IV. RESULTS AND DISCUSSION 

In this section, the performance in terms of BER for 

different transmission settings is studied. These settings 

are from different number of low-frequency passbands 

used in the transmission; that is, 6, 5, and 4 low-frequency 

passbands. Note that, for each setting, different number of 

error bits to be corrected by LBC and different types of bit 

allocation are applied in order to compare the obtained 

BERs. Additionally, in the last part, the maximum data rate 

and BER estimation is shown and discussed. 

A. Simulation of MMF Communication with a 3-dB 

Modal Band and 6 Low-Frequency Passbands 

In this section, five types of linear block code were sent 

at a high transmission rate over an optical communication 

system, as shown in Fig. 6, with five multimode fibers 

referred to as Fibers A, B, C, D, and E. The performance 

of this communication system can be measured in terms of 

BER curves, as shown in Fig. 10. 

 
(a) Rb = 350 Mbps without LBC       (b) Rb = 456 Mbps with (7, 4) LBC 

 
(c) Rb = 583 Mbps with (15, 11)      (d) Rb = 550 Mbps with (15, 11)  

      LBC and Type-I                               LBC and Type-II 

 
(e) Rb = 650 Mbps with (31, 26)      (f) Rb = 624 Mbps with (31, 26)  

       LBC and Type-I                               LBC and Type-II 

 
(g) Rb = 371 Mbps with (15, 7)         (h) Rb = 350 Mbps with (15, 7)  

       LBC and Type-I                                LBC and Type-II 

 
(i) Rb = 525 Mbps with (31, 21)        (j) Rb = 504 Mbps with (31, 21)  

      LBC and Type-I                     LBC and Type-II 

Fig. 10. BERs of 10 combinations of LBC and bit allocation when using 

the 3-dB modal band and 6 low-frequency passbands. 

Fig. 10 shows the BER curves resulting from 10 

combinations of LBC and bit allocation sent over an MMF 

communication system having a 3-dB modal band and 6 

low-frequency passbands (passband #1 to passband #6). 

The data rates obtained from these 10 cases are also shown 

separately in Fig. 11. Fig. 10(a) shows what happens when 

the data rate of 350 Mbps is sent over the MMFs without 

any linear block code. This data rate was chosen for use as 

a reference. When the received optical power (Pr,optical,req) 

is higher than -15 dBm, the BER curves vary from 10-14 to 

10-2, which is a very wide range. The highest (worst) BER 

curve at 10-2 came from Fiber B, and 10-2 is definitely too 

high to use in an optical communication system. 

 

Fig. 11. Data rate of 10 combinations of LBC and bit allocation when 

using the 3-dB modal band and 6 low-frequency passbands. 
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Fig. 10(b) shows the BER curves when using the 

transmission rate of 798 Mbps with (7, 4) LBC. The 

resulting data rate is 456 Mbps, and this type of linear 

block code can correct a one-bit error at the signal 

destination. When the received optical power (Pr,optical,req) 

is higher than -15 dBm, the BER curves vary from 10-13 to 

10-3, and Fiber B still has the highest BER curve at 10-4. 

The BER curves in this case are slightly lower than those 

in Fig. 10(a), yet the data rate in this case increases to 456 

Mbps. Note that the variation in the obtained BERs from 

this figure is clearly less than that from Fig. 10(a). 

Figs. 10(c) and 10(d) use (15, 11) LBC (at transmission 

rates of 795 Mbps and 750 Mbps, respectively), so both 

can correct the one-bit error each at the signal destination, 

similar to the previous case in Fig. 10(b). However, the 

code rate in these two cases is higher, which leads to a 

higher data rate than in Fig. 10(b). Comparing Fig. 10(c) 

and Fig. 10(d), their respective data rates are 583 Mbps and 

550 Mbps. Fig. 10(c)’s data rate is higher because it uses 

Type-I bit allocation, as shown earlier in Fig. 9(a), so all 

slots are assigned encoded bits, without leaving any slot 

vacant. Since each passband is fully utilized, no bandwidth 

is wasted, and the transmission rate is higher. On the other 

hand, Fig. 10(d) uses Type-II bit allocation, as shown 

earlier in Fig. 9(b), and since a vacant slot is left in 

passband #6, the transmitted data rate is not quite as high 

as in Fig. 10(c). However, the resulting BER curves in Fig. 

10(c) and Fig. 10(d) are very similar. When the received 

optical power (Pr,optical,req) is above -15 dBm, Fiber B still 

has the highest BER in Fig. 10(c) and 10(d). The other 

BER curves in both figures vary between 10-18 and 10-7; 

therefore, both of these cases are potentially useable in an 

optical communication system. 

Fig. 10(e) and Fig. 10(f) use (31, 26) LBC, but Fig. 10(e) 

uses Type-I bit allocation, while Fig. 10(f) uses Type-II bit 

allocation. As in the previous three cases, Fig. 10(e) and 

10(f) can correct a one-bit error each at the signal 

destination. However, their code rate is higher, which 

yields data rates of 650 Mbps and 624 Mbps, respectively. 

When the received optical power (Pr,optical,req) is above -15 

dBm. Fiber B still has the highest BER in Fig. 10(e) and 

Fig. 10(f) at 10-4. However, for the other BER curves, it is 

seen that the resulting BERs from Fig. 10(f), which vary 

between 10-19 and 10-7, are better than those from Fig. 

10(e), which vary between 10-18 and 10-6. 

All four of the remaining cases in Fig. 10 can correct 

two-bit errors each. Fig. 10(g) and 10(h) use (15, 7) LBC. 

The data rate for Fig. 10(g) was 371 Mbps, and the data 

rate for Fig. 10(h) was 350 Mbps. The data rate in these 

two cases is the lowest because they have the lowest code 

rate ratio, which is 7/15 (= 0.47). When the received 

optical power (Pr,optical,req) is higher than -15 dBm, Fiber B 

still has the highest BER in these two cases at 10-7, and the 

other BER curves are lower than 10-9. The results in Figs. 

10(g) and 10(h) have lower BER curves than any of the 

previous cases thus far, lower even the case of using the 

data rate of 350 Mbps without any LBC in Fig. 10(a). 

Fig. 10(i) and Fig. 10(j) show the BER curves when 

using (31, 21) LBC Type-I and Type-II bit allocations, 

respectively. This kind of linear block code can correct the 

two-bit errors at the signal destination, as in Fig. 10(g) and 

Fig. 9(h), but the code rates in Fig. 10(i) and Fig. 10(j) are 

higher (that is, 21/31 = 0.68), yielding data rates for both 

cases of 525 and 504 Mbps, respectively. When the 

received optical power (Pr,optical,req) is higher than -15 dBm, 

Fiber B still has the highest BER at 10-6, and the other BER 

curves are all lower than 10-9, so the other fibers could still 

theoretically be used in an optical communication system. 

Now, if within each Fig. 10(a) through 10(j), the BER 

curves of the five fibers are averaged together, then those 

10 averages can be seen in Fig. 12. One can see that the 

BER curves in Fig. 12 appear in three main groups, labeled 

Groups a, b, and c. Recall that Group a is the only BER 

curve using the data rate of 350 Mbps without any linear 

block code. When the received optical power (Pr,optical,req) 

is higher than -15 dBm, the BER curve is higher than 10-3. 

Five BER curves are in Group b, and when the received 

optical power (Pr,optical,req) is higher than -15 dBm, these 

curves vary from 10-7 to 10-5. The five BER curves in 

Group b originate from the cases using (7, 4) LBC; (15, 11) 

LBC Type-I; (15, 11) LBC Type-II; (31, 26) LBC Type-I; 

and (31, 26) LBC Type-II, and all five can correct one-bit 

error each at the signal destination. The maximum data rate 

of Group b is 650 Mbps, which comes from the case of (31, 

26) LBC Type-I bit allocation. The lowest data rate of 

Group b is 456 Mbps, which comes from the case using (7, 

4) LBC. All the BER curves in Group b are clearly lower 

than the BER curve in Group a. This result demonstrates 

the higher performance gained by using linear block code 

in an MMF communication system. 

 
Fig. 12. Data rate of 10 combinations of LBC and bit allocation when 

using the 3-dB modal band and 6 low-frequency passbands. 

Considering Group c in Fig. 12, four BER curves are 

presented using (15, 7) LBC Type-I; (15, 7) LBC Type-II; 

(31, 21) LBC Type-I; and (31, 21) LBC Type-II, each of 

which can correct two-bit error at the signal destination. 

When the received optical power (Pr,optical,req) is higher than 

-15 dBm, the four BER curves vary from 10-11 to 10-7. The 
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maximum data rate sent in this group is 525 Mbps, which 

comes from the two cases of using (31, 21) LBC Type-I 

bit allocation. Comparing these three groups, the highest 

BER comes from Group a, and the lowest BERs come 

from Group c. Group c has the lowest BER curves because 

of the performance gained by two-bit error correction. If 

the minimum requirement of a particular communication 

system is a BER lower than 10-7, Fig. 12 shows that Group 

a and Group b cannot satisfy that requirement but that only 

Group c can. The BER curves in Groups b and c are clearly 

lower than the BER curve in Group a. These results 

confirm the benefits of using linear block code. 

a b c

a

b

c

 

Fig. 13. The frequency response of Fiber B is shown together with the 

subcarrier frequency components. 

One result that clearly stands out from Fig. 10 is that 

Fiber B has the highest BER curve of the ten cases. To 

lessen the issues that lead to a very high BER, it is helpful 

to take a closer look at the frequency response of Fiber B 

and at the seven frequency components of the transmitted 

subcarrier signal. These are all shown in Fig. 13. 

As mentioned earlier, the author of [18] found that 

BERs from passbands #2 to #4 are very high. Fig. 13 

shows the eye patterns of the received signals from those 

three passbands. Looking at eye patterns a and c (from the 

received signal of passbands #2 and #4, respectively), it is 

easy to distinguish between bit 0 and bit 1 in these two eye 

patterns. The main frequency component locations used in 

Fig. 13 for passbands #2 and #4 work well in case Fiber B. 

However, looking at eye pattern b, it is almost fully closed, 

with bit 0 and bit 1 being virtually indistinguishable, 

leading to a very high BER for passband #3. This is the 

result of the main frequency component of subcarrier #3 

being located at the null of its channel. Therefore, in this 

case, passband #3 is not a good candidate channel for this 

particular communication system. The performance of the 

system without using passband #3 will be given next. 

B. Simulation of MMF Communication with a 3-dB 

Modal Band and 5 Low-Frequency Passbands 

In this next MMF communication system simulation, 

passband #3 was not used as a channel. The simulation 

results from using the 3-dB modal band and 5 low-

frequency passbands (passbands #0, #1, #2, #4, #5 and #6) 

are shown in Fig. 14. 

Fig. 14(a) and Fig. 14(b) show the BER curves when six 

low-frequency passbands are used as a channel in MMF 

communication with (31, 21) LBC Type-I and Type-II, 

respectively. In Fig. 14(a), the data rate was 462 Mbps 

(corresponding to a transmission rate of 682 Mbps). In Fig. 

14(a), when the received optical power (Pr,optical,req) is 

higher than -15 dBm, the BER curve from Fiber B is lower 

than 10-16, verifying that Fiber B is indeed improved by not 

using passband #3 in the MMF communication. The other 

BER curves vary between 10-18 and 10-14, except for the 

BER curve from Fiber E, which is the highest BER, but 

which is still lower than 10-9, the upper limit for MMF 

communication systems. In Fig. 14(b), the data rate was 

420 Mbps (with a transmission rate of 620 Mbps). 

Similarly, Fiber B is improved, and when the received 

optical power (Pr,optical,req) is higher than -15 dBm, all of the 

BER curves vary between 10-18 and 10-15, except for the 

BER curve from Fiber E, which has the highest BER, 

although it is still lower than 10-10. Hence, the data rate in 

Fig. 14(b) is lower than that in Fig. 14(a), and the BER 

curves in Fig. 14(b) are slightly lower than those in Fig. 

14(a) because of the use of Type-II bit allocation. 

Considering Fig. 10(i) and Fig. 14(a), which represent the 

BERs when using (31, 21) LBC and Type-I, and Fig. 10(j) 

and Fig. 14(b), which represent the BERs when using (31, 

21) LBC and Type-II, Fiber B’s BER curves in Fig. 14(a) 

and 14(b) are significantly lower than Fiber B’s BER 

curves in Fig. 10(i) and Fig. 10(j). However, the 

transmitted data rate in Fig. 14(a) and Fig. 14(b) decreases 

to 462 and 420 Mbps, respectively, because of the reduced 

number of channels used in this system (since passband #3 

was not used in Fig. 14). 

 

(a) Rb = 462 Mbps with (31, 21)        (b) Rb = 420 Mbps with (31, 21)  

       LBC and Type-I                         LBC and Type-II 

Fig. 14. BERs of (31, 21) LBC with the two types of bit allocation when 

using the 3-dB modal band and 5 low-frequency passbands. 

Similar to Fig. 12, averaging the five BER curves in 

each of the ten combinations of LBC and bit allocation 

(since all ten combinations were tested, even though only 

the two best results are shown in Fig. 14), the results (using 

the 3-dB modal band and 5 low-frequency passbands) are 

shown in Fig. 15. 

Fig. 15 shows three groups of BERs (a, b, and c), as 

shown in Fig. 12. However, the definitions of Groups a, b, 

and c in Fig. 15 are not quite the same as those in Fig. 12. 

In Fig. 12, Groups a, b, and c were defined only visually 

by how the BER averages seemed to appear in three 

visually distinct clusters. However, each of those three 

visually distinct groups represented one of three basic 

situations: no LBC (Group a), LBC with one-bit error 

correction (Group b), and LBC with two-bit error 
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correction (Group c). Importantly, these three situations 

are used as the new definitions of Groups a, b, and c in Fig. 

15. Group a (no LBC) results in a data rate of 280 Mbps. 

When the received optical power (Pr,optical,req) is higher than 

-15 dBm, the BER curve is higher than 10-7, so Group a is 

not usable. In Group b (one-bit error correction), all five 

BER curves are lower than 10-7 when the received optical 

power (Pr,optical,req) is higher than -15 dBm. The maximum 

data rate of Group b is 572 Mbps, which comes from using 

(31, 26) LBC with Type-I bit allocation. In Group c (two-

bit error correction), when the received optical power 

(Pr,optical,req) is higher than -15 dBm, all four BER curves 

are lower than 10-10. Therefore, all four cases in Group c 

would be satisfactory in an optical communication system. 

Group c’s maximum data rate of 462 Mbps is obtained 

when using (31, 26) LBC with Type-I bit allocation. 

Additionally, at BER = 10-10, Group c provides a coding 

gain of approximately 3 dB compared to Group b. 

 

Fig. 15. Average BERs of 10 combinations of LBC and bit allocation 

when using the 3-dB modal band and 5 low-frequency passbands. 

Comparing Fig. 12 and Fig. 15, each of the ten BER 

curves in Fig. 15 is lower than its corresponding curve in 

Fig. 12. These results show the effect of how a particular 

MMF frequency response is utilized because MMF is 

frequency selective. Specifically, in this communication 

system, the data rate of each case in Fig. 15 is lower 

because passband #3 was not used. 

C. Simulation of MMF Communication with a 3-dB 

Modal Band and 4 Low-Frequency Passbands 

Because the author of [18] determined that the BERs of 

passbands #2 to #4 are very high, passband #3 (the highest 

BER) was removed from the communication system in the 

previous section, which led to the lower BER curves in Fig. 

15. Fig. 13 confirms that eliminating passband #4 would 

also be good. Therefore, in this next simulation, neither 

passband #3 nor #4 will be used. The simulation results 

using only the remaining five low-frequency passbands 

(#0, #1, #2, #5 and #6) are shown in Fig. 16. 

In Fig. 16, the BER curve of Group a (without LBC) is 

still higher than the minimum acceptable BER of 10-9 

when the received optical power (Pr,optical,req) is higher than 

-15 dBm. However, in Group b, when the received optical 

power (Pr,optical,req) is higher than -15 dBm, all five BER 

curves are below 10-9, so in this configuration, Group b is 

satisfactory for the optical communication system. The 

maximum data rate of Group b is 494 Mbps, coming from 

the case of (31, 26) LBC with Type-I bit allocation. In 

Group c, all four BER curves vary in a narrow range, and 

they are all lower than 10-14 when the received optical 

power (Pr,optical,req) is higher than -15 dBm, so these BERs 

can be used in an optical communication system. The 

maximum data rate in Group c comes from the case using 

(31, 26) LBC with Type-I bit allocation, yielding a data 

rate of 399 Mbps, double the data rate that can be obtained 

by using only the 3-dB modal band. Comparing Fig. 12, 

Fig. 15, and Fig. 16, all combination of LBC and bit 

allocation can be demonstrated as shown in Table I. 

 
Fig. 16. Average BERs of ten combinations of LBC and bit allocation 

when using the 3-dB modal band and 4 low-frequency passbands. 

From Table I, it is found that the obtained data rate in 

each combination of LBC and bit allocation when using 3-

dB modal band and 4 low-frequency passbands is lower 

than its corresponding combination of LBC and bit 

allocation in either when using 3-dB modal band and 5 

low-frequency passbands or 3-dB modal band and 6 low-

frequency passbands. Moreover, the achieved data rate 

when using (7, 4) LBC with 3-dB modal band and 5 low-

frequency passbands as well as when using (7, 4) LBC 

with 3-dB modal band and 6 low-frequency passbands are 

higher than the obtained data rate from [22]. From the table, 

it is significant to point out that the obtained data rates 

from applying LBC are higher than those without LBC 

applied. Additionally, the data rates higher than 600 Mbps 

can be obtained when applying (31, 26) LBC with 3-dB 

modal band and 6 low-frequency passbands. 
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TABLE I: DATA RATE OF ALL COMBINATIONS OF LBC AND BIT ALLOCATION WITH DIFFERENT NUMBERS OF LOW-FREQUENCY PASSBANDS  

LBC Types 

Data Rate (Mbps) 

3-dB Modal Band and 

6 Low - Frequency 

Passbands 

3-dB Modal Band and 

5 Low - Frequency 

Passbands 

3-dB Modal Band and 

4 Low - Frequency 

Passbands 

Patmanee et. Al [22] 

No Coding 350 280 228 - 

(7, 4) LBC 456 400 340 392 

(15, 11) LBC, Type-I 583 506 440 - 

(15, 11) LBC, Type-II 550 440 363 - 

(31, 26) LBC, Type-I 650 572 494 - 

(31, 26) LBC, Type-II 624 520 468 - 

(15, 7) LBC, Type-I 371 322 280 - 

(15, 7) LBC, Type-II 350 280 231 - 

(31, 21) LBC, Type-I 525 462 399 - 

(31, 21) LBC, Type-II 504 420 378 - 

 

D. The Maximum Data Rate and BER Estimation 

To facilitate choosing an optimal MMF communication 

system, Fig. 17 shows the cubic-fitted data rates and BERs 

of all three MMF systems discussed above: using the 3-dB 

modal band and 6 low-frequency passbands, using the 3-

dB modal band and 5 low-frequency passbands and using 

the 3-dB modal band and 4 low-frequency passbands. The 

cubic fittings in Fig. 17 were obtained using the method 

described by [26]. Looking first at the MMF system using 

the 3-dB modal band and 6 low-frequency passbands (the 

black dashed line), a data rate of 350 to 650 Mbps sent over 

the MMF will yield BERs between 10-9 and 10-5. Looking 

next at the MMF communication system when using the 3-

dB modal band and 5 low-frequency passbands (the blue 

dotted line), a data rate of 280 to 572 Mbps can provide a 

BER between 10-11 and 10-8. Finally, looking at the MMF 

communication system when using the 3-dB modal band 

and 4 low-frequency passbands (the red solid line), a data 

rate of 231 to 494 Mbps achieves the best BERs of all 

between 10-17 and 10-11. 

 
Fig. 17. Cubic-fitted data rates versus BERs of the three transmission 

settings. 

One can see that the estimated BERs decrease while the 

estimated data rates decrease. The maximum estimated 

data rate is obtained when using the 3-dB modal band and 

6 low-frequency passbands, resulting in the highest BER. 

On the other hand, the minimum estimated data rate is 

obtained when using the 3-dB modal band and 4 low-

frequency passbands, resulting in the lowest BER (the best 

one). Fig. 17 can be used to select the suitable 

communication system with the minimum requirements in 

terms of the data rate and BER. For example, if the 

minimum requirements of a particular communication 

system are a data rate of 400 Mbps and BER value lower 

than 10-10, the intersection point of data rate = 400 Mbps 

and BER = 10-10 in Fig. 17 must be determined. Once that 

intersection point is located, then any curve on or below 

that point can be used for that particular communication 

system, although of course the lower the better. Therefore, 

in this example, Fig. 17 shows that the transmission setting 

with a 3-dB modal band and 6 low-frequency passbands 

will not be usable because its BER is approximately 10-6, 

i.e., above the intersection point and too high. On the other 

hand, using a 3-dB modal band and 5 low-frequency 

passbands is satisfactory for this requirement (positioned 

below the intersection point). However, using a 3-dB 

modal band and 4 low-frequency passbands will have a 

BER value even lower, approximately 10-14, making it the 

best choice for this MMF communication system. 

V. CONCLUSION 

The low-frequency passbands of MMFs have been 

studied and applied as channels in optical communication. 

The frequency response of MMFs is frequency selective, 

resulting in a very high attenuation in signal transmission. 

This study seeks a way to make low-frequency passbands 

a viable option for use in MMF communicate on systems. 

This study develops a method to make effective use of 

low-frequency passbands by incorporating LBC to greatly 

reduce corruption from attenuation and thereby obtain 

attractive BERs. Multiple simulations of the 

communication system were performed based on a 1-km 

MMF by applying amplitude shift keying (ASK) and linear 

block code (LBC). This study uses subcarrier multiplexing 

(SCM) with a 3-dB modal band and other low-frequency 

passbands as channels for high data rate transmission. The 

best results from an MMF communication system using 

low-frequency passbands were obtained by using the 3-dB 

modal band and 4 low-frequency passbands. Using (31, 26) 

LBC and Type-I bit allocation, a data rate of 494 Mbps can 
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be obtained with a BER lower than 10-9. However, using 

(31, 21) LBC and Type-I bit allocation, a BER lower than 

10-14 can be achieved with a data rate of 399 Mbps, which 

is almost double the data rate that just a 3-dB modal band 

can send. Significantly, from the optimum configuration 

studied in this work, a guideline relationship between the 

obtainable data rates and BERs for different settings is 

delivered. This relationship can then be used in a variety 

of MMF communication systems depending on the 

minimum requirement in terms of the BER and data rate. 

Additionally, it is seen that the available low-frequency 

passbands of MMFs are varied from fiber to fiber. It is 

interesting in the future on how to apply such characteristic 

to increase the transmission security while keeping the 

obtained data rates and BERs as required.  
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