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In this paper, an adaptive subcarrier assignment method based on a stable matching 
algorithm is considered. From the performance comparison with other assignment 
methods (Hungarian-algorithm-based, contiguous and interleaved), our assignment 
method, while of relatively low complexity, resulted in a satisfactory performance in 
terms of per-ONU and overall achievable throughputs, and also it responded to the 
traffic demands. 

1. Introduction 

A potentially cost-effective solution for a Full Service Access Network is to employ 
PON using multimode fiber. To overcome the limited bandwidth-distance product of 
multimode fiber, subcarrier modulation can be used to utilize high-order transmission 
lobes [1]. However, due to intermodal dispersion, the system’s frequency response is 
frequency-selective if only one subcarrier with broadband modulation is assigned to 
each ONU. Therefore a set of subcarriers with narrowband modulation is assigned to 
each ONU (hence, multicarrier transmission), which can mitigate the aforementioned 
effect. An important point to note for this system is that different subcarriers generally 
experience different subchannel attenuation (or gain), and moreover, this is also ONU-
dependent and time-dependent. It is then of interest to devise a method to assign 
multiple subcarriers for different ONUs which takes into account those time-dependent 
subchannel gain values so as to increase the system throughput and to match the 
individual capacity demands. For each subcarrier, an appropriate modulation level (say, 
M-QAM) is then determined, where generally the better the subchannel gain, the higher 
the modulation level used. This latter part is also known as bit loading. 

In this paper, we propose an adaptive subcarrier assignment method based on 
stable matching, along with the associated bit loading mechanism. This bit loading 
mechanism avoids clipping in a subcarrier-modulated system. The important point of 
stable matching is that the algorithm inherently takes into account not only the 
subchannel gain values of each subcarrier but also the traffic demand of each ONU; 
hence, a reasonable compromise between overall system throughput and individual 
traffic demand can be expected. We then show the performance of our proposed 
algorithm in comparison with other assignment methods. 



2. System description 

The PON system considered in this paper consists of the OLT with M  ONUs. We 
focus on a case with tree topology employing ideal splitters. The distances between the 
OLT and each ONUs can be arbitrary, but nevertheless we assume a maximum value 
of a few kilometers. Moreover, this maximum value is chosen such that for each 
subchannel, a distortionless transmission can be assumed. 

As stated in the Introduction, we focus on the use a multicarrier variant of subcarrier 
transmission, and like in an ordinary subcarrier-modulated system, the expression for 
the coupled optical power of the modulated light source is essentially as below 
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where 0P  is the coupled CW optical power of the light source, N  is the number of 
subcarriers involved, ( )is t  and im  are the modulating signal and the optical modulation 
index of subcarrier i , respectively. 

It should be noted that for each i , ( )is t  can have different expression because of 
the use of multilevel modulation where the levels can be different for each subcarrier. 
Associated with this fact, we allow im  to be different for each subcarrier too. This will be 
clearer in the description of the bit loading mechanism later. 

 
Figure 1: An illustration of a PON using multicarrier transmission. 

 
In downlink multicarrier transmission, the OLT uses N  subcarriers simultaneously. 

With an appropriate subcarrier assignment method, jN  out of those subcarriers are 

destined to the ONU j , such that 
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scheme. For the uplink case, the ONU j  then uses jN  out of N  subcarriers assigned 
to it. It is to be noted that the numbers of subcarriers involved for downlink and uplink 
concerning to a specific ONU in general are not necessarily the same. The separation 
of uplink and downlink (the duplexing method) for this system is assumed to be fixed 
beforehand, with an example as in [2]. Figure 1 gives an illustration of such PON 
system (in this figure, the same number of subcarriers is assigned to each ONU). 
Another feature of this kind of PON sytem is that the baseband channel can be used for 
reliable signaling and optionally low bit rate services. 
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In our system, the OLT determines the partition of the subcarrier set and tells the 
ONUs which subcarrier partition is assigned to it. If, additionally, M  subqueues are 
constructed at the OLT for downlink purpose where each subqueue corresponds to a 
certain ONU, essentially the same multiple access mechanism can be used for both 
uplink and downlink. In this paper, we don’t elaborate how such subqueues are 
constructed but nevertheless we assume that those subqueues exist at the OLT.  

Another aspect of the system that is important to address is its time-varying nature. 
This comes not only from the traffic behavior but also from the physical system itself 
where it is anticipated that the link frequency response for each pair of OLT-ONU 
changes with time, albeit slowly. Therefore, the multiple access mechanism, in this case 
as a subcarrier assignment method, should be adapted to take into account the 
changes in the underlying physical system and in the traffic behavior. We assume that a 
time epoch can be defined wherein the subcarrier assignment is determined and then in 
the next time epoch, the assignment is updated, to reflect the changes on the 
instantaneous link quality and the instantaneous traffic load. 

 
2.1 Link modeling 

 
In our link model, as the distances involved are up to few kilometers, we only take 
into account the intermodal dispersion. This will result in a similar phenomenon like 
in a multipath radio link. The input for the link is the modulated optical power of 
Equation (1), and the output is the receiver photocurrent. For this link model, the 
impulse response can be expressed in the form of a summation of weighted and 
shifted Dirac deltas. The time shifts of those Dirac deltas come from the fiber modal 
delays. For the modal delays, specific modal delays are generated randomly using 
uniform distribution on an interval which is a scaled version of the interval defined 
by the difference between the minimum value and the maximum value of the 
specific modal delays of a multimode fiber with an ideal parabolic refractive index 
profile [3]. This random generation is used to take into account the unknown 
disturbances on the link, for example, some random degree of misalignments, 
thermal and mechanical agitations, etc. It should be noted that these values are 
generated for each OLT-ONU pair. 
Regarding the weighting factors, they consist of the appropriate link attenuation, 
splitting loss and photodiode responsivity. And related to it, the power distribution 
among the propagation modes is assumed to be uniform. 

 
2.2 Stable matching 
 

For a system where we can make its representation in the form of a bipartite graph 
with the same cardinality number for both sets of vertices, a stable matching can be 
used to find a perfect matching for such bipartite graph. Call the first set of vertices 
P , and the other one Q . For each member of each set, a so-called preference list 
is constructed, wherein all members of the other set are listed in descending order 
of preference. The matching is called unstable if there is at least one blocking pair 
{ , }p P q Q∈ ∈  where p  prefers q  to its current match and q  prefers p  to its current 
match. If there is no such blocking pair, the matching is called stable. In general, 
there can be several stable matchings that can result from an instance of a 
matching problem. 



There exists the so-called Gale-Shapley algorithm that can produce a stable 
matching from an arbitrary instance of such bipartite graph mentioned before, along 
with the preference lists [4]. In this algorithm, each member of P  which is free 
(having currently no match) proposes its match based on its own preference list, 
choosing one of them and starting from the most preferred to the least one. Each of 
them never proposes more than once to the same member of Q . Each member of 
Q  then accepts the current proposal only if it currently has no match or it prefers the 
one currently proposing to its current match, in which case, that current match 
becomes free again. This is repeated until each member of P  find its match. With 
this algorithm, a stable matching is guaranteed to result. 
A characteristic of the aforementioned algorithm is that the resulting stable matching 
is optimal for the members of P  in the sense that each of them gets the best match 
that it can have in any stable matching. Here, the best match can be interpreted as 
the best profit. Related to this is that though this algorithm doesn’t explicitly seek an 
overall maximum profit, nevertheless the matching can still be expected to result in 
a good overall profit. 

 
Figure 2: An illustration of a (stable) matching where virtual members are used. 

 
We consider a case where the number of ONUs M  and the number of subcarriers  
N are not the same, but we assume N kM=  with k  is a positive integer constant. 
Now, it’s useful to mention that in our system P  represents the ONUs and Q  
represents the subcarriers. To make P Q=  (where •  denotes cardinality), virtual 
ONUs are created. Together with the real ONUs, they assure that the previous 
equality holds. In this paper, for each real ONU, 1k −  virtual ONUs are created. The 
result of applying the Gale-Shapley algorithm on such representation is that each 
real ONU will be matched with k  subcarriers (see Figure 2 for an example). 

Regarding the preference lists, the ones for ONUs are constructed by using the 
instantaneous normalized SNR of the subchannels (corresponding to the 
subcarriers), whereas for the subcarriers, the instantaneous queue lengths of the 
the ONUs are used. The normalized SNR for subchannel i  associated with OLT-
ONU j  pair can be expressed as below 

 
2

,

( )
( )

j i
i j

j i

H f
N f

γ =  (2) 



where ( )j iH f  and ( )j iN f  are the frequency response magnitude and the PSD 
(power spectral density) noise level for subchannel i  associated with OLT-ONU j  
pair with distance z  between them, respectively. 
In general, there can be ties in the preference lists, which means some quantities 
used to construct the lists have the same value; for example, at a certain time for a 
certain ONU, the normalized SNR values for 3 subchannels are the same. These 
ties will result in indifference, because, for example, the aforementioned ONU 
doesn’t have a strict preference order for those 3 subcarriers. To anticipate this, any 
tie is broken randomly, so that the usual notion of stability can still be used. 
 

2.3 Bit loading mechanism 
 
In each time epoch, after the subcarriers have been assigned to the ONUs, we may 
optimize the throughput further by employing a bit loading mechanism which tries to 
load as many bits onto the assigned subcarriers as possible subject to some 
restrictions. 
Let’s first focus on the received signal (after photodetection) at the receiver of ONU 
j  which corresponds to subchannel i  

 , 0( ) ( ) ( )i j j i i is t P H f m s t=  (3) 

In the case of MQAM with a square signal constellation and even number of bits per 
symbol, for an optimum receiver (in electrical domain) we can relate the minimum 
distance of two constellation points d  with the required BER eP  as follows [5] 
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with 1( )Q− •  is an inverse Q function. Here, the noise involved has been considered 

as a white Gaussian noise with PSD of 0

2
N  (indeed in our system model, we 

assume that the system is thermal-noise-limited). If during one symbol time s
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(with l  is a positive integer constant) we express ( ) cos(2 )i i i is t a f tπ ϕ= +  and 

subsequently , ,( ) cos(2 )i j i j i is t a f tπ ϕ= + , d  can then be related to ,i ja  (corresponding 
to the outermost constellation points) as follows 
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with ic  is the amount of bits per symbol for subcarrier i . It is clear that a larger c  
needs a larger (maximum) received signal amplitude (which in turn means a larger 
received signal power certainly). Moreover, Equation (5) implies that 
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Based on Equation (1) and because clipping is to be avoided, the expression below 
becomes the consequence for downlink transmission 
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can be interpreted as the cost to load subcarrier i  with ic  bits per symbol when that 
subcarrier is assigned to ONU j . It should be noted that possible pairs of ( , )i j  
have been determined by the subcarrier assignment method described previously. 
Now, starting from defining a so-called additional cost function as below 
 , , ,( ) ( 2) ( )i j i i j i i j iF c F c F cΔ + −  (8) 

a greedy approach can be used which selects the smallest additional cost across 
the concerned subcarriers  at a certain iteration. The iteration is executed as long 
as Equation (7) holds. This will then result in a maximum total number of loaded bits 
onto the concerned subcarriers while attaining eP . 

3. Performance comparison 

We have performed simulations using the OPNET software package to evaluate the 
performance of our scheme (abbreviated as SMB), focusing on the downlink 
transmission. The performance evaluation was done by constructing comparison cases 
with several other subcarrier assignment methods in terms of achievable throughput. 
The other methods are 

• Hungarian-algorithm-based (HAB) [6]: virtual ONUs were also created for the well-
known Hungarian algorithm (note that the profit maximization version was used). 

• contiguous: each ONU was assigned k  contiguous subcarriers. 

• interleaved: each ONU was assigned subcarriers, each separated by 1M −  other 
subcarriers. 

To make it clear, all methods resulted in a situation where each ONU was assigned 
exactly k  subcarriers.  Moreover, the same bit loading mechanism described previously 
was used for all concerned methods. 

Notation Description Value Notation Description Value 

M  Number of ONUs 16 z  OLT-ONU distances 1-3 km 

N  Number of subcarriers 128 α  Fiber attenuation factor 0.5 dB/km

1f  Frequency of subcarrier 1 5 GHz R  Photodiode responsivity 0.8 A/W 

fδ  Subcarrier frequency interval 20 MHz 
0P  Coupled CW optical power 20 mW 

sT Symbol time 100 ns 
LR  Receiver load resistance 50 Ω 

eT  Time epoch 100 ms T  Receiver temperature 300 K 

λ  Optical wavelength 1310 nm 
eP  Bit error rate 10-9 

Table 1: Parameters used in the simulation. 



All subcarrier assignment methods in the comparison cases were applied to a 
system model with the parameters as in Table 1. For specific modal delays, we have 
used the scaling factor of 2 for the interval (described in Subsection 2.1) which resulted 
in a maximum modal delay spread in the order of nanoseconds for the listed distances. 
Based on this, the symbol time sT  was set to 100 ns to make sure that each subchannel 
could have approximately flat frequency response. 

For each assignment method, the simulation time was such that there were 1000 
time epochs. We used traffic sources with an exponential interarrival time and a 
constant packet size of 12112 bits. It should be noted that in this simulation, all involved 
nodes were considered already synchronized. Also, the instantaneous normalized SNR 
values and the instantaneous ONU subqueue lengths (at the OLT) were known to the 
OLT. 
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Figure 3: Achievable throughputs per ONU under uniform traffic loads (SMB: stable-matching-based, 

HAB: Hungarian-algorithm-based). 

First, we generated uniformly distributed distances for ONUs (with respect to the 
OLT) and set the (average) traffic load (represented by interarrival time) of each ONU to 
be the same, i.e. 100 Mbps. This was to observe how each assignment method resulted 
in the achievable throughput (per ONU and overall). It can be seen from Figure 3 (the 
vertical axis represents the average total loaded bits per symbol per ONU and the 
horizontal axis represents the ONU number) that our assignment method (SMB) 
resulted in a performance which is very close to the one from the HAB. These two 
methods clearly showed better performances compared to the contiguous and 
interleaved assignment methods. In this case, the relative overall throughputs (with 
respect to the one of HAB) are 0.97, 0.80 and 0.80 for SMB, contiguous and interleaved, 
respectively. 

Next, we set all ONUs to be of equal distance to the OLT (i.e., 2 km), under 
alternating traffic loads, i.e., even-numbered ONUs were subject to 50 Mbps and odd-
numbered ONUs 150 Mbps. This was to observe how the assignment methods 
responded to the change in traffic demand. As predicted and can be seen from Figure 
4, the stable-matching-based assignment method showed alternating patterns in the 
achievable throughput per ONU accordingly, while other methods (HAB, contiguous and 
interleaved) didn’t show such pattern. For reference, in Figure 4 we also put the result 
for SMB under uniform traffic load (the other methods just gave exactly the same results 
as under alternating traffic loads). That SMB exhibited such pattern is actually pretty 
obvious. This is in contrast with the other methods which don’t take into account the 



traffic load. Nevertheless, this observation confirmed one of the characteristics of the 
SMB assignment method, which gives a potentially better match between achievable 
throughput and traffic demand. 
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Figure 4: Achievable throughputs per ONU under uniform (for SMB only) and alternating traffic loads. 

4. Conclusion 

We have developed a subcarrier assignment method based on stable matching. 
Despite its relatively low complexity, the method resulted in a good performance, 
close to the one from the method based on the well-known but more complicated 
Hungarian algorithm. Another positive point from our method is that it also takes into 
account the traffic demand of each ONU, which can provide some degree of 
statistical multiplexing especially for bursty traffic. While it hasn’t been addressed in 
this paper, it would be of interest to analyze the impact of such statistical 
multiplexing behavior in other performance measures, e.g., packet sojourn time and 
utilization factor. 
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