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Abstract— In this paper, a practical eigenmode based schedul-
ing algorithm with double loops (ESDL) is proposed for multi-
user MIMO/OFDM systems. The wireless channels are decom-
posed into several eigenmodes, and the eigenmode based power
allocation is formulated into an optimization problem, whose
object is to maximize the system capacity while guaranteeing
users’ QoS requirements. By replacing the QoS constraints with
penalty functions, the problem is reformulated to a penalty
problem with a given penalty factor, which is solved by a
greedy power allocation (GPA) scheme as the inner loop. The
penalty factor is then updated in the outer loop according to
QoS constraints. Numerical results show that compared with
other algorithms proposed in the literature, ESDL can result in
significant improvement in channel efficiency, while at the same
time guaranteeing minimum data rates of users.

I. INTRODUCTION

Multiple-input Multiple-output (MIMO) has been acknowl-
edged as a promising technique for next generation of mobile
communication systems to achieve dramatic improvement
in the capacity of wireless communication systems [1]. By
deploying multiple antennas at both the transmitter and the
receiver, the space diversity can be exploited to maximize
the system capacity in MIMO systems. Orthogonal frequency
division multiplexing (OFDM) has also been considered as
a key technique to efficiently utilize the limited bandwidth,
which provides another degree of freedom for scheduling in
frequency dimension. In addition, the combination of MIMO
and OFDM is an attractive solution for future wireless systems,
which has been adopted in IEEE 802.16 [2].

The resources in multiuser MIMO/OFDM systems can be
allocated among users jointly in time, frequency and space
domains using scheduling techniques in both uplink and
downlink, which has been a topic of significant interest [3]-
[6]. In MIMO transmissions, the matrix channel is decom-
posed into eigenmodes or virtual channels, which introduce
multiaccess interference (MAI) as different users are allowed
to transmit using the same subcarrier and time slot. The
presence of MAI and QoS requirements makes the resource
allocation problem very complicated. In [3]-[4], a resource
allocation algorithm, known as block diagonalization (BD)
was introduced in downlink, where a precoding matrix was
generated for each user to eliminate the interference between
different users and the water-filling algorithm was used to
allocate the power resource. Although it can eliminate all
the interference between different users, the BD algorithm

is not effective in promoting the channel efficiency. In [5]-
[6], an efficient resource allocation scheme was proposed
in uplink, where each user chose one of its left singular
vectors of its channel matrix as its spatial signature and a
parallel interference cancelation (PIC) was used to cancel
the interference between different users. However, the above
scheme can not be extended to downlink scenarios because the
receivers can not use PIC without signals from other users’
receive antennas. Additionally, users’ QoS requirements were
not discussed in above schemes, which are important for a
multi-media network.

In this paper, we propose an eigenmode based scheduling al-
gorithm with double loops (ESDL) for downlink transmission
in multiuser MIMO/OFDM systems. The power allocation
problem is first formulated and, afterwards, is transformed to
a penalty problem with a given penalty factor by replacing
the QoS constraints with penalty functions, which is solved
by a greedy power allocation (GPA) scheme as the inner loop.
The penalty factor is then updated in the outer loop according
to QoS constraints. Compared with the BD algorithm, ESDL
only takes account of interference generated by transmitting
eigenmodes, thus achieves better performance in the sense of
channel efficiency.

The rest of this paper is organized as follows. In Section
II, the system model of multiuser MIMO/OFDM is intro-
duced and the resource allocation problem is formulated. The
problem is analyzed and the ESDL scheme is proposed in
Section III. Simulation results are given in Section IV, which
is followed by our conclusion in section V.

II. SYSTEM MODEL

Consider a downlink multiuser MIMO/OFDM system with
a single base station (BS) equipped with Mt transmit antennas,
and K users, each equipped with Mr receive antennas. The
frequency band is divided into M subcarriers, where the
channel appears to be flat fading on each subcarrier. Denote
the channel matrix of user k on subcarrier m by an Mr ×Mt

matrix Hm,k, then the signals received by user k on subcarrier
m can be expressed as:

ym,k = Hm,kxm + nm,k, (1)

where xm and ym,k denote the transmitted signal vector and
the received signal vector, respectively, nm,k represents a

1930-529X/07/$25.00 © 2007 IEEE
This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE GLOBECOM 2007 proceedings.

3164



Mr × 1 noise vector, with each entry being i.i.d. complex
Gaussian with variance σ2.

The transmission over a MIMO channel can be converted to
a number of parallel virtual channels or channel eigenmodes
[7] through singular value decomposition (SVD) of the channel
matrix, which is expressed as:

Hm,k = Um,kSm,kV
†
m,k

=
rank(H)∑

i=1

um,k,ism,k,iv
†
m,k,i,

(2)

where um,k,i and vm,k,i are the ith left and right singular
vector respectively, sm,k,i is the ith singular value, and †
means conjugate transpose. An eigenmode corresponds to the
transmission using a pair of right and left singular vectors as
transmit and receive antenna weights, respectively. From (2),
it is indicated that rank(H) is the number of eigenmodes, and
s is the channel gain for each eigenmode. In the rest of this
paper, we denote ith eigenmode of user k on subcarrier m as
eigenmode (m, k, i), and use Mmin = min(Mr,Mt) instead
of rank(H) since rank(H) ≤Mmin.

Then, the transmitted vector on subcarrier m is generated
as

xm =
K∑

k=1

Mmin∑
i=1

vm,k,ix
m
k,i =

K∑
k=1

V(1)
m,kx

m
k , (3)

where xm
k,i is the signal transmitted on eigenmode

(m, k, i), V(1)
m,k = [vm,k,1, ...,vm,k,Mmin

], and xm
k =

[xm
k,1, ..., x

m
k,Mmin

]T . According to (1), (2) and (3), the received
signal by user k1 is

ym,k1 =Um,k1Sm,k1V
†
m,k1

K∑
k2=1

V(1)
m,k2

xm
k2

+ nm,k1

=
K∑

k2=1

Um,k1Sm,k1�m
k1,k2

xm
k2

+ nm,k1 ,

(4)

where �m
k1,k2

= V†
m,k1

V(1)
m,k2

is the correlation matrix, with
the (i, j)th entry being

ρm
k1i,k2j = v†

m,k1,ivm,k2,j . (5)

Decoding with the left singular vector, user k1 has

x̂m
k1,i =u†

m,k1,iym,k1

=sm,k1,i(xm
k1,i +

K∑
k2=1,
k2 �=k1

Mmin∑
j=1

ρm
k1i,k2jx

m
k2,j)

+ ñm,k1,i

(6)

as the estimation of signal xm
k1,i, where ñm,k1,i =

u†
m,k1,inm,k1 .
From (6), it is obvious that signals transmitted on other

eigenmodes provide interference with factors of corresponding
ρ. A close observation of (4) and (6) indicates that vm,k,i can
be considered as the spatial signature of eigenmode (m, k, i),
and ρm

k1i,k2j , which is defined as (5), represents the spatial

correlation of two eigenmodes. Through above discussions,
the SINR of eigenmode (m, k, i) is given by

Γm,k,i =
s2m,k,ipm,k,i

s2m,k,i

K∑
l=1

Mmin∑
j=1

|ρm
ki,lj |2pm,l,j + σ2

, (7)

where pm,k,i is the allocated power for eigenmode (m, k, i).
If MQAM is employed, the achievable data rate rm,k,i for
eigenmode (m, k, i) is given by [8]

rm,k,i = log2(1 +
1.6

ln 1
5BER

Γm,k,i). (8)

Our resource allocation problem is to allocate the total
power between eigenmodes to achieve maximum system data
rate while guaranteeing users’ QoS requirements. Based on
the definitions above, the problem is formulated as follows:

f = arg max
pm,k,i

M∑
m=1

K∑
k=1

Mmin∑
i=1

rm,k,i (9a)

s.t.

M∑
m=1

K∑
k=1

Mmin∑
i=1

pm,k,i ≤ PT ; (9b)

pm,k,i ≥ 0; m = 1, 2, ...,M ;
k = 1, 2, ...,K; (9c)

i = 1, 2, ...,Mmin

M∑
m=1

Mmin∑
i=1

rm,k,i ≥ Rmin
k ; k = 1, 2, ...,K.

(9d)

Object function (9a) is the system data rate as a result of the
power allocation in current time slot. Constraints (9b) and (9c)
ensure the total power constraint with each power assignment
larger than zero. Constraints (9d) are QoS requirements in
terms of minimum data rate in current time slot.

III. EIGENMODE BASED POWER ALLOCATION

A. Greedy Power Allocation Without Qos constraints

Problem (9) is extremely complicated to solve, because
the objective function (9a) is nonlinear and nonconvex. As
a result, the programming methods or convex optimization
algorithms can not be used to solve it [9]. In addition, the QoS
constraints (9d) make the problem more complex while the
other constraints are linear functions of power. By removing
these QoS constraints, a simplified problem with only power
constraints is achieved as:

fs = arg max
pm,k,i

M∑
m=1

K∑
k=1

Mmin∑
i=1

rm,k,i (10a)

s.t.
M∑

m=1

K∑
k=1

Mmin∑
i=1

pm,k,i ≤ PT ; (10b)

pm,k,i ≥ 0; m = 1, 2, ...,M ;
k = 1, 2, ...,K; (10c)

i = 1, 2, ...,Mmin.
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To solve the above problem, a greedy power allocation
scheme is proposed, which is as follows: The total power
PT is evenly divided into a number of parts, which are ∆P
respectively. The algorithm initially assigns zero power to all
eigenmodes, and then allocates ∆P by ∆P to the eigenmode
that generates the most additional transmit bits with ∆P ,
wherein the additional transmit bits can be calculated as

∆bm,k,i =
∂r

∂pm,k,i
∆P, (11)

where r =
∑M

m=1

∑K
k=1

∑Mmin

i=1 rm,k,i. The allocation is
repeated, and the repetition ends when reaching the power
limit, in respect that to maximize the total system data rate,
the base station must transmit at its maximum power limit,
PT , as described in following proposition:

Proposition 1: If p = (p1,1,1, p1,1,2, ..., pM,K,Mmin) is
a power allocation and

∑M
m=1

∑K
k=1

∑Mmin

i=1 pm,k,i <
PT , then there exits another power allocation,
p∗ = (p∗1,1,1, p

∗
1,1,2, ..., p

∗
M,K,Mmin) such that∑M

m=1

∑K
k=1

∑Mmin

i=1 p∗m,k,i = PT and r(p∗) > r(p).
Proof: Since

∑M
m=1

∑K
k=1

∑Mmin

i=1 pm,k,i < PT , we
define θ such that

θ =
PT∑M

m=1

∑K
k=1

∑Mmin

i=1 pm,k,i

> 1.

Let p∗m,k,i = θpm,k,i, so that

M∑
m=1

K∑
k=1

Mmin∑
i=1

p∗m,k,i =
M∑

m=1

K∑
k=1

Mmin∑
i=1

θpm,k,i

= PT .

Then according to (7) and (8), we have

Γm,k,i(p∗) =
s2k,m,ip

∗
m,k,i

s2k,m,i

K∑
l=1

Mmin∑
j=1

|ρm
ki,lj |2p∗m,l,j + σ2

=
s2k,m,iθpm,k,i

s2k,m,i

K∑
l=1

Mmin∑
j=1

|ρm
ki,lj |2θpm,l,j + σ2

>
s2k,m,iθpm,k,i

s2k,m,i

K∑
l=1

Mmin∑
j=1

|ρm
ki,lj |2θpm,l,j + θσ2

= Γm,k,i(p),

and

r∗m,k,i = log2(1 +
1.6

ln 1
5BER

Γ∗
m,k,i)

> log2(1 +
1.6

ln 1
5BER

Γm,k,i)

= rm,k,i.

So, r(p∗) > r(p).

By this proposition, problem (10) is equivalent to the following
problem.

f ′
s = arg max

pm,k,i

M∑
m=1

K∑
k=1

Mmin∑
i=1

rm,k,i (12a)

s.t.

M∑
m=1

K∑
k=1

Mmin∑
i=1

pm,k,i = PT ; (12b)

pm,k,i ≥ 0; m = 1, 2, ...,M ;
k = 1, 2, ...,K; (12c)

i = 1, 2, ...,Mmin.

Noticing the total power constraint (12b), the greedy power
allocation is repeated until the total power is exhausted.

Based on above discussions, we present greedy power
allocation algorithm as Algorithm 1.

Algorithm 1 Greedy Power Allocation
1: For each user k = 1, ...,K and each subcarrier m =

1, ...,M , compute SVD of channel matrix Hm,k to get
each eigenmode’s singular value and corresponding right
singular vector, and then calculate the correlation coeffi-
cients ρ by (5);

2: Compute ∆b for each eigenmode according to (11);
3: Select the eigenmode that has the largest ∆b, and assign

another ∆P to this eigenmode;
4: Update the ∆b of the eigenmodes that are affected by the

eigenmode selected in step 3;
5: If all the power PT has been assigned, then stop, otherwise

goto step 3.

According to (7) and (8), only the transmitting eigenmodes’
interference is taken into consideration in GPA algorithm,
while in BD algorithm, all interference is eliminated in pre-
coding step, including the eigenmodes that are assigned zero
power, although they generate zero interference to other eigen-
modes. Therefore, GPA can achieve better system performance
than BD algorithm does, which is revealed in simulation
results in Section IV. The complexity of proposed algorithm
is o(K ∗Mmin ∗ PT

∆p ) in contrast to NP-hard complexity of the
original problem, which indicates that the above algorithm is
very efficient.

B. Eigenmode based Scheduling with Double Loops

The QoS constraints (9d) are complicating constraints,
which make problem (9) unsolvable in terms of GPA al-
gorithm. Therefore, constraints (9d) must be transformed
and removed from constraints. Penalty function, which is a
mathematical programming technique for solving constrained
optimization problems, is an effective idea to accomplish
this. The main idea of penalty function is to remove the
complicating constraints by adding a penalty to the objective
function for the violation of the removed constraints. As a
result, while minimizing or maximizing the modified object
function, the constraints violation is also minimized, thus,
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the solution of the modified problem is near the feasibility
boundary of the original problem.

According to the definition of penalty function, constraints
(9d) are transformed into following penalty functions:

ψk =
{

0, rk ≥ Rmin
k ;

−(rk −Rmin
k )2, rk < Rmin

k ;

= −(min(0, (rk −Rmin
k )))2,

(13)

where rk =
∑M

m=1

∑Mmin

i=1 rm,k,i. Then, problem (9) is
reformulated as following Penalty problem:

fp = arg max
pm,k,i

M∑
m=1

K∑
k=1

Mmin∑
i=1

rm,k,i + λ
K∑

k=1

ψk (14a)

s.t.

M∑
m=1

K∑
k=1

Mmin∑
i=1

pm,k,i ≤ PT ; (14b)

pm,k,i ≥ 0; m = 1, 2, ...,M ;
k = 1, 2, ...,K; (14c)

i = 1, 2, ...,Mmin,

where λ is the penalty factor. As in (11), the additional
transmit bits for problem (14) is expressed as:

∆b̃m,k,i =
∂(r + λ

∑K
l=1 ψl)

∂pm,k,i
∆P

=
K∑

l=1

(1 − 2λmin(0, (rl −Rmin
l )))

∂rl
∂pm,k,i

∆P.

(15)

Then, GPA algorithm can be used to solve problem (14) for a
given penalty factor λ. As λ increases, the penalty for the
violation of QoS constraints increases and the solution of
problem (14) converges to the feasible region of the original
problem, hence the QoS requirements are guaranteed. In other
words, we solve problem (14) by GPA for a sequence of
increasing values of λ, until the unsatisfied ratio, which is
defined as

Λ = −
∑K

k=1min(0, (rk −Rmin
k ))∑K

k=1R
min
k

, (16)

is small enough, i.e., Λ < ε where ε is a predefined system
parameter.

Since QoS constraints are relaxed, the solution to problem
(14) may be infeasible. In order to guarantee the average
minimum data rate, the users whose QoS requirements aren’t
satisfied can leave their unsatisfied requirements to next time
slot. As a result, the required minimum data rate is based on
not only Rmin

k but also the history information. Hence, we
provide a method based on sliding window to calculate R̂min

k

[10]. We use T to stand for the size of the sliding window
in terms of time slots and the average data rate in a sliding
window is:

r+k =
T − 1
T

r−k +
1
T
R̂k, (17)

where r−k is the history data rate, and R̂k is the achieved data
rate in current time slot. In order to guarantee the minimum

data rate, r+k must be larger than Rmin
k . Let µ = 1

T , then we
have

(1 − µ)r−k + µR̂k ≥ Rmin
k

⇒R̂k ≥ Rmin
k − (1 − µ)r−k

µ
.

(18)

Since R̂min
k equals the minimum value of R̂k, while at the

same time R̂min
k must be larger than zero, R̂min

k can be
expressed as:

R̂min
k =

{
0, Rmin

k − (1 − µ)r−k < 0
Rmin

k −(1−µ)r−
k

µ , otherwise.
(19)

Based on above discussions, ESDL algorithm is described
as Algorithm 2, where we refer to GPA in step 2 as an inner
loop, and updating of the penalty factor λ as an outer loop.

Algorithm 2 Eigenmode based Scheduling with Double Loops

1: Choose λ0, c > 1, tolerance ε > 0 and let n=0;
calculate R̂min

k according to (19);
2: Calculate the power allocation by the GPA algorithm,

where ∆b̃ in (15) substitutes for ∆b; (the inner loop)
3: If Λ < ε, then stop, otherwise, go to next step;
4: Let λn+1 = cλn, n = n+1, go to step 2. (the outer loop)

IV. SIMULATION RESULTS

The performance of the proposed algorithms was studied by
simulations. The simulated system was based on IEEE 802.16e
assumption, where the number of subchannels was 32. In all
cases, the users’ channels were assumed to be constant during
a time slot. We considered a single cell with a Base Station
equipped with Mt = 8 transmit antennas and 4 users, each
equipped with Mr = 2 receive antennas. The elements of
channel matrices were independent complex Gaussian random
variables with zero mean and unit variance, and the channels’
delay taps were considered independent of each other with a
predefined power delay profile.

Fig. 1 shows the system data rate as a function of SNR,
which is defined as the ratio of the total power to the noise
power at receive antennas. The system data rates of GPA
and ESDL are compared with BD algorithm [3], where the
water filling algorithm is used for BD-WFILL, and equal
power allocation between eigenmodes for BD-EP. As shown
in Fig. 1, GPA algorithm achieves the largest system data rate,
which is 30% larger than BD-WFILL does, on average. This
is because GPA takes no account of eigenmodes with zero
power assignment as they generates no interference, while
BD method eliminates all multi-user interference in precoding
step, which results in performance loss especially in the so-
called “near-far” problem. As the same reason, ESDL also
outperforms the BD-WFILL method in certain SNR range
(>10dB). However, it achieves less data rate than BD-WFILL
when SNR is less than 10dB, since with very low SNR, ESDL
must guarantee the minimum data rates of users with bad
channel qualities, thus sacrifices the channel efficiency.
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Fig. 2. System Data Rate vs. Attenuating Factor η

Fig. 2 shows the effects of “near-far” problem. To simulate
the “near-far” problem, we divide the users into two groups,
and have one group’s channels attenuated by an attenuating
factor η while keep the other group’s unchanged. Fig. 2
shows the system data rate versus the attenuating factor with
SNR=30dB. We can see that the gap between GPA (ESDL)
and BD methods increases as the attenuating factor increases.
When attenuating factor is small, i.e.,there’s no “near-far”
problem, BD-WFILL performs well because the channel gains
of eigenmodes are close to each other, and so does BD-
EP method. However, the “near-far” problem exists in most
real-world systems, thus GPA and ESDL can achieve better
performance in common scenarios.

Fig. 3 shows the average data rates received by users, where
they have different channel qualities and the same minimum
data rate of 10Mbps. Channel quality decreases as the user
index increases from user 1 to user 4. It is shown in Fig. 3
that ESDL guarantees the minimum data rate of every user,
while in other methods, user 3 and user 4 achieve few data
rates.
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Fig. 3. User Data Rate vs. Channel Quality

V. CONCLUSION

In this paper, we have studied the resource allocation prob-
lem in MIMO/OFDM systems. The objective is to maximize
the system data rate, while guaranteeing users’ QoS require-
ments. A greedy power allocation (GPA) scheme has been
proposed to maximize the overall data rate. GPA was shown
to provide significant gains, compared to other algorithms.

To guarantee users’ QoS requirements, an eigenmode based
scheduling with double loops (ESDL) scheme has been devel-
oped based on GPA. Numerical results showed that ESDL can
result in significant improvement in channel efficiency while at
the same time guaranteeing the minimum data rates of users.
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