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Resource Allocation in OFDMA Networks With Imperfect
Channel State Information
Zhuwei Wang, Lihan Liu, Xiaodong Wang, Fellow, IEEE, and Jing Zhang

Abstract—This letter investigates the effect of imperfect channel
state information (CSI) on the performance of radio resource
management for a downlink multi-user OFDMA system. It is
shown that the imperfect CSI introduces a signal-and-power de-
pendent noise term, which makes the symbol error rate (SER)
constellation-point dependent, and yields an error floor on the
SER. In addition, a two-step multi-user channel, power and con-
stellation allocation algorithm is proposed to maximize the total
network throughput.

Index Terms—Imperfect CSI, channel assignment, power con-
trol, OFDMA, throughput.

I. INTRODUCTION

N recent years, high data rate becomes one of most ur-

gent demands for the development of radio communication
systems. Restricted by the spectral resource limitation, how to
increase the spectral efficiency becomes an important research
topic. The OFDMA system has attracted significant interest due
to its ability to achieve high spectral efficiency. However, one
challenge in the design of OFDMA systems is the efficient radio
resource management among multiple users.

Multi-user resource management in terms of assigning pow-
ers, subchannels, and rates in OFDMA systems has been ex-
tensively studied over the past several years [1]-[5]. Various
objectives such as throughput/rate maximization and power
minimization under certain constraints are considered. How-
ever, a common assumption in these works is that the perfect
channel state information (CSI) is available. In practical sys-
tems, the CSI is always imperfect.

The effect of the imperfect CSI on the utility maximization
problem in multiuser wireless communication systems has been
studied in [6]-[10]. The traditional approach to deal with the
imperfect CSI is to first obtain the distribution of the SNR, and
then obtain the utility function. However, there is an assumption
that the noise is not affected by the imperfect CSI and the
variance of the noise keeps constant.

This letter addresses the effect of the imperfect CSI on the
system performance of the multi-user resource management
for a downlink OFDMA wireless network. A signal-and-power
dependent noise term caused by the imperfect CSI is shown,
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which causes the symbol error rate (SER) to be constellation-
point dependent and also leads to an error floor on the SER.
Then, a two-step channel, power and constellation allocation
algorithm is proposed to solve the optimization problem of
adaptive resource allocation with imperfect CSI. Numerical
simulations illustrate that, by taking into account the channel
estimation error in the resource allocation algorithm, it can
reduce the performance degradation caused by the imperfect
CSI, especially when the channel estimation error is large.

II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

We consider a downlink multi-user OFDMA wireless net-
work in which one base station (BS) communicates with K
users. The available frequency band is equally divided into
N orthogonal subchannels, where the fading gain of each
subchannel is assumed to be constant during a frame period.
Assuming user k receives its data from the [-th subchannel, then
the received signal by user k is given by [7]

Ykl = / Prihgixr, + ng., (D

where xy,; is the transmitted signal with unit variance, Py, ; is
the transmit power, hy; is the channel gain, and ny; is the
Guassian noise with zero mean and variance afb, Kl

If the channel hy; is known, that the following matched
filtering operation is performed by user k:

h*
2pl = yk,zﬁ;l|2 =/ Pz + Nk, ()
which yields the SNR ;= Py ilhiil?/07 ;o and npy =

N1/ k1
In this letter, we focus on the square M-QAM modulation.
Then, the transmitted signal can be expressed as

1 1
Tk, = 5(20{ -V M — 1)dmin +]§ (26 -V M — 1) dIl’liIl7
3)
where «, 5 € {1,2,...,vVM}, and dpin = /3/(M — 1) is

the minimum distance among constellation points.
Then, the throughput of a data frame, defined as the number
of bits successfully transmitted, is given by [5], [10]

1,1 (Prg) = Llogy M

“)
where L is the number of symbols contained in a frame,
T, (Py,) is the throughput of user k on [-th subchannel with
a constellation size of M, 1/M L s used to guarantee the

throughput to be zero when no transmit power is assigned [11],
and 1/M* =~ 0 when L is large.
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The objective of the multi-user resource management is to
maximize the total throughput by assigning each user’s sub-
channel and transmit power with the power constraint, i.e.,

K N
max ZZPk,lTk,l(Pk,l)
Phk,ls47k 1 P —
Z Zpk,zpk,l < Pot,
k=11=1

K
=1 Vi, 5)
k=1

where py; € {0, 1} indicates whether or not the [-th subchan-
nel is assigned to user k, P, is the total power constraint,
and T}, ;(Py;) is the throughput of the optimal constellation
size, i.e., T (Pr,) = max{M}{T%(PkJ)}, where {M} de-
notes the set of available constellation sizes. Note that

Ti.1(Px,1) is a nonconvex and nondifferentiable function of Py ;
(5], [10], [11].

HI. IMPERFECT CSI ANALYSIS
In general, the imperfect CSI is modeled as

hiy = hit + ex, (6)

where hy; is the estimated channel gain, and e;; is the
Gaussian distributed estimation error with zero mean and
variance 02, ;.

Using Bk Is (2) can be rewritten as

Nl

ey
_\/mxkz-i-iklmklekl + =

Rt Dt

Compared to (2), we can observe that the imperfect CSI
introduces a power-and-signal dependent noise term
\/Pk,lek,lxk,l/ﬁw, which is not considered in previous
works. Below, we show that the power-and-signal dependent
noise term results the SER constellation-point dependent, and
yield an error floor on the SER.

Define Pr(xy |}Alk7l, «, ) as the conditional probability that
xy, 1s received correctly, which can be derived for different
values of o and 3 as follows.

1) When both «, 8 € {2,3,...,v/M — 1}, zy, is an inter-

nal constellation point. Based on (3) and (7), we can write
Pr(xy|hei, o, B)

R dmin
=Pr (‘Re{zk,l — mfk,l}‘ < \/m B )
dmin
x Pr <’Im {2k,l — Pk,lxk,l}‘ < \/%42 >

o

min‘iLk,l|
\@Uk,z

where Re{-} and Im{- } denote the real and imaginary

(7

Zkl—ykl =
|h kl|2

®)

parts, respectively, Q(z) = 1/v2m [.° exp(—u?/2) du,
and
2 2 2
Okl Jekldmin)\
= )kl 4 Zek 9
Mkl \/ Pes + 1 ; ©))
where A = (2a — VM — 1)? + (28 — VM — 1)2.
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2) When both «, 5 € {1,V M}, i.e., zy is a corner point,

. 2
enin| P 1]
ﬂﬁm

3) When o € {1,VM}, p€{2,3,...,vVM — 1}, or vice
versa, i.e., xj; is a point on the constellation border, then

h dminilk- l|
Pr(xk,l|hk,l, a, ﬁ) = [1-2Q | 2Tkl
\/E%,l

[l

min‘iLk l|
—||. (D
\@771@,1
Then, the SER is given by

1 VM VM
SER(xleLkl)—l—*ZZPYmkl|hkla aﬁ) (12)

a=1p8=1

Pr(xy | he, o, B) = [1 -Q ( (10)

Note that, under the perfect CSI, the error rate of each con-
stellation point is determined by the parameters d,,;,, channel
gain, transmit power, and the noise variance. However, from (8),
(10), and (11), it is seen that the power-and-signal dependent
noise makes the error rate of each constellation point not only
dependent on these parameters, but also dependent on « and 3
related to the constellation point itself, which causes the SER
constellation-point dependent. In addition, when the transmit
power Pi; — +00, dwminlhril/V20k1 = |k il/Te ki A2,
which indicates that the power-and-signal dependent noise in-
troduces an error floor to the SER.

For a given MQAM modulation, the throughput under the
imperfect CSI is derived as

~ ~ L
Tk’lyjyj(Pkyl) = L10g2 M (1 - SER(xk,l\hk,l))
L

1 VM VM 1
MZZPr(xk7l|hk’l7a’6) T ML

a=1 =1

~ Llogy M

(13)

where 1/M?" is used to allow Tk,z,M(Pk,z) = 0 when no trans-
mit power is assigned as in (4).
Then, with the imperfect CSI, the total power constraint is
same as that in (5), and the objective should be modified to
max

K N
DO oraTui(Pry),
Pk, P 1

T k=11=1

(14)

where Tk,l(Pk',l) = maX{M} {Tk,l,M(Pk,l)}~

IV. ADAPTIVE RESOURCE MANAGEMENT

In this section, we propose a two-step algorithm to solve the
optimization problem in (14). For simplicity, the equal noise
variance and equal error estimation variance are assumed here
as in [8].

From (12) and (13), we can see that, for given transmit power
and modulation, T;@l’ (P ) is an increasing function of ;Lk,l-
Hence, the throughput under imperfect CSI Tk} 1(Py ) increases
with Bk,l. In addition, in the multi-user OFDMA system, each
subchannel can only be assigned to one user. Thus, if each
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subchannel is assigned to the user with the largest iw, then
the total throughput in (14) is maximized. Hence we have the
following channel assignment rule
Prtlkzrs @) = 0, Vi, (15)
where k*(I) = arg max;<p<x {hx.1}.
Then, the optimization problem in (14) can be simplified as

N

max T P
jmax ; ke (P 1)
N
st > Peya < Prot,
=1
Py =0, Vi, (16)

Since Tk*(l),l<Pk*(l),l)» same as Ty (P, ), is a nonconvex
and nondifferentiable in the transmit power [5], [10], [11], to
solve the optimization problem in (16), the dual problem is
considered [12]:

g = maxg(p)
N
s.t. ZPk*(l),z(M) < Py, (17)
=1
where
N
g(p) =—pProt+ min (—T P+ + P+ ),
(1) =—pProt ;PMWEO k.0 (P @0+ 1P 1)1
(18)
Py (p) =arg i min (_Tk*(l),l (Pe+).1) +MPk*(l),l> -
k*(1),1=0
(19)

Similar to Proposition 1 and Proposition 2 in [10], it can
be shown that §(u) and Pk*(l),l(,u) are both non-increasing
functions of the variable p. Based on the properties of
g(p) and Pk*(Z),z(M), the optimal p* can be obtained when
ZZJ\; | Pe- (1),1(1t) = Pio, and then we obtain the optimal power
control PI:*(I),Z = Pk*(z),z(u*)- Thus, the iterative bisection al-
gorithm proposed in [10] can be used to solve (17), which is
summarized in Fig. 1.

In the iterative bisection algorithm, we initialize a small
threshold &, set fimin =0, and find a fimax  satisfying
Zf\; 1 Pk*(l),l(#max) < Pyo;. The iteration will stop when the
optimal solutions p* and P,:*(l)’l = Pk*(l)’l(u*) are found.
Based on P, 0L the best constellation size is determined by

M* = arg maxyan {Ti=(1),1,m (P (l),l)}‘

Finally, the multi-user resource management algorithm to
solve the optimization problem in (14) can be summarized as
follows:

Step 1. Perform subchannel assignment according to the
estimated channel fading fzk’l based on (15).
Allocate the transmit power to users using the iter-
ative bisection algorithm as shown in Fig. 1. Then,
the optimal constellation size is determined by the
transmit power.

Step 2.
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Initialization: £, tn.. and &

4= (M

* )2 e ‘

| Update: £, =t
Uiy = (L + He )2

For a given 4, solve (19) to
obtain 7. (u), 1</<N.

Update: £, = Hoin»
Hoas =l b )2 No

Stop and obtain the optimal

solution x* =y, P

S0

FZ"(})]('U‘)'

Fig. 1. TIterative bisection algorithm.

Note that, since T} ;(Pk;) has the same properties as
Tk*(l),l(Pk*(l),l), the above algorithm also works for the op-
timization problem with perfect CSI in (5).

The computational complexity of the step 1 is O(KN).
In the second step, the major complexity is introduced by
the iterative bisection algorithm, which mainly contains two
parts: the computation of Pk*(l)’l(u) from (19) for NV separate
optimization problems in the third box of Fig. 1 and the number
of the iterations. Thus, the complexity order of the second step
can be expressed as O(NVW), where V' is the average number
of function evaluations required for computing Pk* (1).1(t), and
W is the average number of iterations. Since V' and W are just
finite constants independent of NV, the complexity of second
step is O(IV). Based on the complexity analysis above, we can
see that the proposed two-step algorithm has linear complexity.

In addition, since the dual problem is used in (17), there is
a duality gap that causes the proposed two-step algorithm be
suboptimal. Fortunately, the duality gap is relatively small and
can often be shown to diminish to zero as the KN increases
[12, pp. 494], and many articles have proved its effectiveness
[7]1-[10]. In this letter, we find that the duality gap using the
proposed algorithm is practically zero (smaller than one percent
of the real optimal solution) through the numerical simulations.
However, to avoid the crowd in figures, it is not shown in
simulation results.

V. SIMULATION RESULTS

In this section, numerical simulations are presented to illus-
trate the effect of the imperfect CSI on the system performance
of multi-user resource management in the downlink OFDMA
system. The system parameters are set as: {M } = {4, 16,64},
L =100, K =5, N =5,and ¢ = 0.001.

To show the effect of the imperfect CSI, Figs. 2 and 3
show the performance comparison for three cases: the proposed
algorithm for the optimization problem in (14) considering the
imperfect CSI, the proposed algorithm and the classical water-
filling algorithm (WFA) [2] in which both simply treat the
imperfect CSI as perfect. In Fig. 2, the total power constraint
P,ot = 40 and the channel error ratio (CER), the ratio between
the variance of channel estimation error and noise variance, is
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2500 ! ! ! ! !
Perfect CSI, proposed :
—6— CER=-10dB, proposed, consider the imperfect CSI|
+©+ CER=0dB, proposed, consider the imperfect CSI :
2000 [{ —a— CER=-10dB, proposed, treat the imperfect CSl as perfect |""""""""""" pr 0
+'@++ CER=0dB, proposed, treat the imperfect CS| as perfect :
—&— CER=-10dB, WFA, treat the imperfect CS| as perfect
M+ CER=0dB, WFA, treat the imperfect CSI as perfect :
5 1500F s Tt PSSy SR .
Q : : : . C
<
D
>
2
£ 1000
500 ..............
0 I 1 1
0 5 10 15 20 25 30
Average SNR with Unit Transmit Power (dB)
Fig. 2. Performance comparison with channel error ratios 0 dB and —10 dB.
2200 T T T T T
—6— Total power = 100, proposed, consider the imperfect CSI
2000 H ‘'O Total power = 15, proposed, consider the imperfect CS|
—&— Total power = 100, proposed, treat the imperfect CSl as perfect
1800 H @+ Total power = 15, proposed, treat the imperfect CSl as perfect |.....:.............]
—&— Total power = 100, WFA, treat the imperfect CS| as perfect )
1600 H M+ Total power = 15, WFA, treat the imperfect CSl as perfect |\ __ermr. . i
3 1400
<
2 1200
2
= 1000
800 -
600 ke cccccccanccany .......
400 N
20 . i i i
10 15 20 25 30
Average SNR with Unit Transmit Power (dB)
Fig. 3. Performance comparison with total transmit powers 15 and 100.

set to be 0 dB and —10 dB. In Fig. 3, the CER is —10 dB and
the values of total power are 15 and 100.

From Figs. 2 and 3, we observe that the system performance
with imperfect CSI is worse than that under perfect CSI, espe-
cially when the CER is large. This is reasonable because, from
(7), CER is able to enhance the effect of the power-and-signal
dependent noise. It also shows that the system performance
with imperfect CSI saturates when both the CER and total
transmit power are large, which shows the effect of the error
floor of SER introduced by the imperfect CSI. In addition, the
system performance will be improved significantly if we take
the imperfect CSI into account in the optimization problem,
especially when the CER is large, which reveals that the effect
of the power-and-signal dependent noise introduced by the
imperfect CSI should be considered in the radio resource man-
agement in the downlink OFDMA system. Note that, treating
the imperfect CSI as perfect, it is seen that the performance
of the proposed algorithm is slightly better than that of the
classical WFA. This is because the practical throughput (non-
convex and nondifferentiable function) is considered in the
proposed algorithm, while the approximated one (convex and
differentiable function) is used in the classical WFA.

The average number of iterations required for the conver-
gence of the iterative bisection algorithm is investigated in
Fig. 4, where the values of total power are set to be 40 and
100. Fig. 4 shows that, for various average SNRs from 0 dB
to 30 dB, the average number of iterations is smaller than 14.
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15 T T T T
: : : : —8— Total power = 40
—O— Total power = 100

14

Average Number of Iterations
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Fig. 4. The average number of iterations.

In the simulation, we average the number of iterations over
200 realizations for each average SNR.

VI. CONCLUSION

This letter investigates the effect of the imperfect CSI on
the multi-user resource management in a downlink OFDMA
system. It shows that the imperfect CSI introduces an extra
signal-and-power dependent noise term, which leads to an
error floor on the SER and makes the SER constellation-point
dependent. By taking into account the channel estimation error
in the resource allocation algorithm, the system performance
degradation caused by the imperfect CSI can be reduced.
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