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Abstract. In this paper, we study the subcarriers and power joint allocation on the uplink
of multiuser OFDM systems. We propose two subcarrier allocation schemes to improve
the uplink capacity: Exhausted Best Channel Allocation(EBCA) and Rounded Best User
Allocation(RBUA). The basic idea of EBCA is that subcarriers choose the user, while in
RBUA users choose subcarriers. In order to improve the uplink capacity, the distributive
power constrains must be considered in the allocation schemes. Simulation results show
that the proposed algorithms can enhance the uplink capacity efficiently.
Keywords: OFDM, resource allocation

1 Introduction

The growing demands for wireless multimedia services require reliable and broadband data
communications over a wireless channel. However, broadband data communications are
significantly limited by intersymbol interference (ISI) caused by the frequency-selection
fading over wide-band. OFDM (Orthogonal Frequency Division Multiplexing) technology
has been proposed for the future multimedia wireless communication systems due to its
capacity in combating frequency selective fading and ISI. Supporting multimedia service
and making efficient use of the radio resources are very challenging tasks for the multiuser
OFDM wireless systems due to the limited bandwidth, time-variant channel conditions
and diverse quality of service (QoS) requirements. One of the key technology is to employ
a resource management scheme at the link layer which should be efficient in utilizing
the radio resources and be fair among the users. By adaptively assigning subcarriers and
selecting modulation levels on each subcarrier depending on channel characteristics, mul-
tiuser OFDM can take advantage of channel diversity among users in different locations.
Then spectral efficiency can be improved, or equivalently, transmit power can be reduced.
This approach allows efficient use of all the subcarriers[1].
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For an interactive broadband wireless system, OFDM clearly offers the advantage of
ISI avoidance over frequency selective channels when used on the downlink. However, its
performance on the uplink remains unclear. Ref. [2] is concerned with the performance of
OFDM when used as a modulation and access technique for the uplink of an interactive
broadband wireless system or in the return link of a terrestrial television system.

In order to gain some appreciation of the problem at hand, let us first enlist the
benefits of using OFDM as an uplink transmission technique, along with the conditions
under which these benefits hold:

– ISI avoidance on the uplink; this becomes more apparent as the transmission band-
width increases.

– Provides a high level of flexibility in terms of frequency resource allocation; for example,
a user may be assigned a certain tone for a certain period of time or, depending on his
traffic requirements, several tones at once.

– From an end user equipment perspective, it is preferable to give individual users as
few tones as possible at any given time. The motivation here is to try keeping the
peak-toaverage power ratio as low as possible while increasing the transmission range
(distance).

– In the event an individual user is given several tones to transmit on, such tones must be
spaced sufficiently far apart in order to exploit the frequency diversity of the channel.

Many researches have been focused on the downlik capacity analysis of multiuser
OFDM systems, but few concerned with the uplink case. In fact there are still much uplink
investigation need to be done due to the system model for the uplink is quite different
from that for the downlink. The power constraint for the downlink is only at the base
station. But in the uplink case, the power constraints are at each terminals. Therefore,
the constraint for the uplink is more urgent than the downlink. Many problems which
have been solved on the downlink cannot be generalized to the uplink case.

Ref. [3] considered the maximization of the downlink data rate under power con-
straints. By solving a multiuser convex optimization problem which is to maximize the
minimum user’s capacity, the authors proposed a suboptimal algorithm to maximize the
minimum of VBR traffic throughputs while satisfying CBR traffic constraints. Ref. [4] has
developed a transmit power adaptation method that maximizes the total downlink data
rate from the view of information theory. The authors formulated the data rate maximiza-
tion problem by allowing that a subcarrier could be shared by multiple users. However,
the conclusion indicates that the subcarrier should be assigned to only one user who has
the best channel gain to achieve the optimal allocation. Ref. [5] proposed an optimal,
computationally efficient, integer-bit power allocation algorithm to maximize the down-
link throughput under BER constraints. Besides, some paper are focused on guaranteeing
multi-QoS for heterogeneous downlink traffic [6][7].

All the paper mentioned above considered only the downlink case. They solved many
downlink problems of multiuser OFDM systems, but neither the models nor the conclusion
can be generalized to the uplink case. In this paper, the analysis on uplink capacity has
been done in MU-OFDM systems. The remainder of this paper is organized as follows. In
section 2, the MU-OFDM system is described and the uplink capacity is investigated. Two
different subcarrier allocation algorithms are proposed to improve the uplink capacity in

2148



section 3. Numerical results are given in section 4, followed by the conclusions in section
5.

2 Capacity Analysis For the Downlink

Assume that there are K users in a hexagonal cell, total bandwidth B, and total number
of subcarrier N are assumed resulting in an OFDM subcarrier bandwidth of w0 = B/N .
The total bandwidth B need to be shared by K users. Also, users are assumed to have an
uniform distribution of location within the hexagonal cell. The maximum available power
of the base station is Pmax and the power limitation of the kth user is P k

t .
In order to study the uplink capacity, we first summarize the relative work on the

downlink. As we all know, the method that can achiev the maximum downlink capacity
for single user system is water-filling power allocation algorithm. Single-user case can be
generalized to the multiuser case. Here hk,n denotes the channel gain of the nth subcarrier
as seen by the kth user. Then the problem can be formulated as

max
P,L

K∑

k=1

W0 log2(1 +
pkh

2
ln,n

N0W0

)

s.t.
K∑

k=1

pk ≤ Pt, (1)

where ln ∈ {1, 2, . . . , K}, k = 1, 2, . . . , K, and N0 is the noise power spectral density. Here
ln = k means that the nth subcarrier is allocated to the kth user. Here each subcarrier
can only be used by one user. We can prove that the optimal allocation, the maximum
channel capacity is

l∗n = arg max
k

hkn. (2)

Alternatively speaking, the subcarrier should be assigned to the user who has the best
channel gain for that channel. After the subcarrier assignment for users, the amount of
transmit power to be allocated to each subcarrier is determined by applying the single-user
water-filling algorithm to each user, i.e.

p∗n = [Ψ − N0W0

h2
l∗n,n

]+ (3)

N∑
n=1

p∗n = Pt. (4)

Proof: As we all know, to achieve the maximum capacity is only by water-filling power
allocation algorithm for any subcarrier allocation method. Now we can prove that the

2149



allocation according to (2) is the only optimal allocation to maximize the capacity on the
downlink.

Cn = W0 log2(1 +
pnh

2
ln,n

N0W0

)

= W0 log2(1 +
h2

ln,n

N0W0

[Ψ − N0W0

h2
ln,n

]+)

= [W0 log2

Ψh2
ln,n

N0W0

]+, (5)

where [x]+ = max{x, 0}. From
N∑

n=1

p∗n = Pt, we get

N∑
n=1

[Ψ − N0W0

h2
ln,n

]+ = Pt. (6)

Then we have

M0Ψ −N0W0

∑
n∈M0

1

h2
ln,n

= Pt, (7)

where M0 = {n | C > N0W0

h2
ln,n

}. With (5), the capacity can be expressed as:

Cn = [W0 log2

1

N0W0

1

‖ M0 ‖(Pth
2
ln,n + N0W0

∑

k∈M0,k 6=n

h2
ln,n

h2
lk,k

+ N0W0)]
+. (8)

From (8), we see that for any hln,n 6= h∗ln,n = arg max
i

hkn, there is Cn ≤ C∗
n. In other

words, for any other allocation (P,L), the corresponding water-filling allocation is (P∗,L),
then C(P,L) ≤ C(P∗,L) ≤ C(P∗,L∗).

Thus, (P∗,L∗) is the allocation scheme that can achieve the maximum capacity.
Intuitively, we know that the power and subcarrier allocation problem in the uplink

of multiuser OFDM systems is different from the downlink case. In the next section, we
will investigate the power and subcarrier allocation problem in the uplink of multiuser
OFDM systems.

3 Capacity Analysis and Subcarrier Allocation on the Uplink

In this section, we study the uplink capacity enhancement for the MU-OFDM systems.
We first analysis the uplink capacity from the point of view of information theory.

We formulate the uplink problem:
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max
P,L

N∑
n=1

W0 log2(1 +
pnh

2
ln,n

N0W0

)

s.t.
∑
n∈Sk

pn ≤ pk
t , k = 1, 2, . . . , K. (9)

The optimization problem can be reformulated as an unconstrained optimization prob-
lem through the Lagrangian multiplier

L(p, λ) =
N∑

n=1

W0 log2(1 +
pnh

2
ln,n

N0W0

)−
K∑

k=1

λk(
∑
n∈Sk

pn − pk
t )

=
N∑

n=1

[W0 log2(1 +
pnh

2
ln,n

N0W0

)− λlnpn] +
K∑

k=1

λkp
k
t . (10)

From ∂L
∂pn

= 0, we get

p∗n = [Ψln −
N0W0

h2
ln,n

]+ (11)

where Ψln = W0

ln 2λln
and λln makes

∑
n∈Sk

pn = pk
t .

However, Eq. (11) concerns power allocation problem only. The subcarrier allocation
L is not considered. We first bring the optimal subcarrier allocation scheme of downlink
mentioned in Section 2 here, which is to allocate the uplink subcarrier to the user whose
channel gain is best for that subcarrier (we call this allocation scheme “MaxCapa”).

Intuitively it is easy to know that the MaxCapa allocation algorithm is not proper
for the uplink because the per-user power constraint in uplink is more stringent than
the power constraint of base station in downlink. If too many subcarriers are assigned to
one user, the capacity may degrade since the power allocated to each subcarrier is too
low. Hence, we must consider the uplink subcarrier allocation algorithm together with the
power allocation.

Based on this consideration, We propose two subcarrier allocation algorithms for the
uplink to improve the system capacity. One is EBCA (Exhausted Best Channel Alloca-
tion); the other is RBUA (Rounded Best User Allocation).

3.1 Algorithm1: EBCA (Exhausted Best Channel Allocation)

We assume that the power limitation for each user is P k
t = Pt/K and the number of

assigned subcarrier to each user is the same, N/K.
One of the improved subcarrier algorithms proposed in this paper is Exhausted Best

Channel Allocation (EBCA). In our consideration, although the optimum allocation on
the downlink cannot apply to the uplink, the principle that it is prefer to assign the
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subcarrier to the user of the best channel gain is still correct. Therefore we proposes the
improved algorithms according to this principle.

The basic idea of EBCA algorithm is that the channel chooses user. Each subcarrier
chooses the user who has the best channel gain for that subcarrier. But if the number of
subcarrier assigned to this user has already been N/K, the user should not be assigned
subcarriers any more. Then the remaining subcarrier chooses the next user who has the
best channel gain for that user. This process can be repeated until all the subcarriers have
been assigned. Then we can use water-filling or equal amount to allocate the power to the
subcarrier.

Our algorithm is described as follows:

Algorithm: Exhausted Best Channel Allocation (EBCA) Algorithm On the Uplink For
Multiuser OFDM

For all k, n, ln = 0, Sk = ∅
while n = 1 · · ·N do
ln = arg max

k:‖Sk‖<N/K
hk,n

Sk = Sk + {ln}
end while

This algorithm is designed for the uplink of multiuser OFDM systems where the num-
ber of subcarrier is much larger than the number of users so that the probability of more
than one user sharing the same best subcarrier is negligible. This is not the case in prac-
tical systems, we can modify the algorithm by assigning the subcarrier to the user whose
number of assigned subcarrier is the smallest.

3.2 Algorithm2: RBUA (Rounded Best User Allocation)

The second improved subcarrier algorithm proposed in this paper is Rounded Best User
Allocation (RBUA). The basic idea of RBUA algorithm is that the users chooses the
channels. That is to say, the user chooses the subcarrier which has the best channel gain
for that user. However, if a subcarrier has been picked up, other users cannot choose that
subcarrier again. Each time each user choose the subcarriers one by one.

The algorithm is described as follows:

Algorithm: Rounded Best User Allocation (RBUA) Algorithm On the Uplink For Mul-
tiuser OFDM

For all k, n, ln = 0, Sk = ∅, A = {1, 2, . . . , N}
while index = 1 : N/K do
while k = 1 : K do

ln = arg max
n,n∈A

hk,n

A = A− {ln}

2152



Sk = Sk + {ln}
end while

end while

RBUA is more fair than the EBCA since the users choose the subcarrier by turns.
In fact, the subcarrier also can be assigned more effectively because the probability of
assigning subcarrier to the user who has the best channel gain is larger.

4 Numerical Results

To evaluate the performance of our schemes, we have simulated 1000 sets of five-path
frequency selective Rayleigh fading channels with exponential power delay profile. Each
set of channels consists of K independent channels, one for each user. We use an OFDM
system with 256 subcarriers over a 5 MHz band. The single-sided power spectral density
level N0 is equal to unity, and the average subcarrier channel gain E|hk,n| is equal to unity
for all k and n.

For comparison purpose, we consider other three uplink subcarrier allocation methods.
Two of them are based on the multiple access methods described in [8]. The methods are
presented as follows.

– MaxCapa: a subcarrier is dynamically assigned to the user who has the best channel
gain for that subcarrier. The allocation is dynamic with the various of time.

– OFDM-TDMA: a user is assigned by a predetermined TDMA time slot and can use
all the subcarriers within that time slot exclusively.

– OFDM-FDMA: a user is assigned by a predetermined band of subcarriers and can
only user those subcarriers exclusively in every OFDM symbol.

The first one is dynamic allocation algorithm. However, the latter two have prede-
termined subcarrier allocations independent of the channel gains of the user, which are
static schemes. In the simulations, we employ the results both equal power allocation and
water-filling power allocation (marked EQ and WF, respectively) on the assigned sub-
carriers. We evaluate the proposed subcarrier allocation schemes in terms of the average
data rate normalized by the total bandwidth by computer simulations.

Fig. 4 shows the average data rate normalized by the total bandwidth in various root
mean square(RMS) delay spread (for definition, see for example [9]) for different multiuser
OFDM schemes. We find in this figure that the two proposed algorithms are better than
all the other schemes and the TDMA-like scheme has the worst capacity. Both of the pro-
posed schemes have almost the same performance although the transmit power allocation
strategies are different. This result shows that the effects of the spectral diversity achieved
by the water-filling power allocation for the subcarriers are not significant. Similar results
have been shown in [10]. A closer observation of Fig. 4 also indicates that the average
data rate increases with the RMS delay spread. This is mainly because the larger the
RMS delay spread, the more the fading variation and hence higher gains can be obtained
when the allocation is performed adaptively.
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Fig. 2 depicts the average data rate versus average SNR in a four-user system. This
figure shows that the average data rate for all the methods increases with the average SNR
and the two proposed methods outperform all the other schemes. In Fig. 3, the average
data rate normalized by the total bandwidth versus number of users K, is depicted. This
figure shows that the average data rate of the MaxCapa scheme decreases with the number
of users greatly, which is unexpect for practical application, while the average data rate
of the proposed schemes remain almost invariable. The figures also show that the RBUA
algorithm outperform the EBCA algorithm since the former is more effective.

5 Conclusion

In this paper, we have investigated the uplink capacity of the multiuser OFDM systems
and proposed two subcarrier allocation algorithms to improve the uplink capacity: EBCA
and UBRA. Simulation results indicate that the two proposed algorithms outperform all
the other schemes. The average data rate increased with the SNR and almost invariable
with the change of user number. Avoiding the complicate computing, the application of
the proposals is possible in real systems.
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