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Abstract—The performance of a multiuser wireless network
using orthogonal frequency-division modulation (OFDM), com-
bined with power control and adaptive beamforming for uplink
transmission is presented here. A network-wide adaptive power
control algorithm is used to achieve the desired signal-to-interfer-
ence-and-noise-ratio at each OFDM subcarrier and increase the
power efficiency of the network. As a result, we can achieve a better
overall error probability for a fixed total transmit power. With
the assumption of fixed-modulation for all subcarriers, transmit
powers and beamforming weight vectors at each subcarrier are
updated jointly, using an iterative algorithm that converges to
the optimal solution for the entire network. Unlike most of the
loading algorithms, this approach considers fixed bit allocation
and optimizes the power allocation and reduces the interference
for the entire network, rather than a single transmitter. We also
propose joint time-domain beamforming and power control to
reduce the complexity resulting from the number of beamformers
and fast Fourier tranformed blocks. The proposed algorithm
is also extended to COFDM and we show that it improves the
performance of those systems.

Index Terms—Antenna array, coded orthogonal frequency-di-
vision modulation (COFDM), minimum mean-squared error
(MMSE), minimum variance distortionless response (MVDR),
OFDM, power control.

1. INTRODUCTION

RTHOGONAL frequency-division multiplexing (OFDM)
O is a parallel data transmission scheme. If the width of each
subcarrier is smaller than the coherence bandwidth of channel, it
converts the wideband frequency-selective fading channel to a
series of narrowband flat-fading subchannels [ 1]. For a small tone
spacing, relative to the coherence bandwidth of channel, there is
no need for sophisticated equalization methods [2]. A disadvan-
tage of OFDM is that overall bit-error rate (BER) is dominated
by the performance of the worst signal-to-noise ratio (SNR)
subcarrier [3], [4]. If the signal-to-interference-and-noise-ratio
(SINR) fluctuates over subcarriers, the ones with the worst SINR
would affect the overall BER the most. As aresult, in the case of
frequency selective fading channels, the error probability of the
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whole system will improve slowly by increasing the transmitted
power. In order to obtain a minimum overall error probability,
the optimum algorithm is to have a uniform error probability
for all of the subcarriers [3].

Several schemes have been proposed to combat the aforemen-
tioned problem. One solution is to use coded OFDM (COFDM)
[5]-[7]. Other methods try to adjust the bit and power distri-
bution among subcarriers according to their link gains and are
mostly called “loading algorithms™ [4], [8]-[10]. In most of
these algorithms, the bit allocation in each subcarrier is adapted
to its capacity and therefore, a fixed modulation scheme is not
considered for all subcarriers. Hughes-Hartogs [10] proposed a
method in which the bits are assigned one by one to the sub-
carrier with the lowest power increment, until a prespecified
target rate R is reached. Obviously this is a very slow proce-
dure and requires lots of sorting and searching. Chow and Cioffi
[8] distribute the bits according to the capacity of the subcar-
riers, by using the concept of “SNR gap approximation.” An-
other loading algorithm has been proposed in [4] where the dis-
tribution of bits is adapted to the shape of the transfer function of
each subcarrier. Fischer and Huber [9] exploit the fact that the
signal power and the rate at each subcarrier are related. They
minimize the BER at each subcarrier with a constant data rate
and transmission power.

However, most of these methods have been proposed for a
single user system without considering the effect of interfer-
ences. As a result, they cannot reach the optimum solution in
the sense of minimum total transmission power. Moreover, the
loading in one transmitter can change the interference in other
receivers, and therefore an iterative procedure is needed. In con-
trast, we use an adaptive power allocation scheme to distribute
transmit power among subcarriers based on the interference from
other users at the same subcarriers, assuming fixed modulation
for all of them (usedin systems like IEEE802.11 or IEEE802.16).
In a fast varying channel, implementing bit-loading algorithms
requires a large bandwidth to feedback the varying SNR at each
subcarrier to the transmitter. Here, we assume the modulation
for all subcarriers to be fixed, and by adjusting the transmit
power at each subcarrier through a slow feedback link, we try to
compensate for slow fading. Furthermore, we exploit antenna
arrays to perform both frequency and time-domain beamforming
to further reduce the interference. If the array response is not
known at the receiver, we use minimum mean-squared error
(MMSE) beamforming, in which training sequences are used to
update the weight vectors and minimize the interference. The
rate at which the training sequences are transmitted depends
on the speed of channel variation. It should be noted here that
sometimes because of deep frequency selective fading, some
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tones experience very low SNR, and a tremendous amount of
power adjustment might be needed to achieve the desired SNR.
In this case, it might be better to discard the subcarrier, instead of
allocating a large portion of power. However, this can result in
data rate reduction. Another approach is to truncate the power
of each subcarrier at a prespecified level.

In COFDM, by coding across subcarriers, the effect of fading
is averaged over all of them. However, by exploiting the power
control and beamforming, the SINR at all of the subcarriers can
be increased, and therefore, the overall BER is decreased. More-
over, power control and beamforming can reduce the total net-
work power. We will compare the performance of an uncoded
OFDM using our proposed algorithms with that of COFDM sys-
tems with and without power control or beamforming.

In this paper, we will assume that each mobile uses all of the
subcarriers. However, with a slight modification, the same for-
mulations and the same algorithms can be applied to OFDMA,
where the subcarriers are partitioned and each partition is as-
signed to a (group of) user(s).

This paper is organized as follows. In Section II, we will
review the concept of power control and propose the power
control for OFDM receivers. Section III proposes the OFDM
joint power control and frequency-domain beamforming. Joint
time-domain beamforming and power control is proposed in
Section IV. In Section V, we will use MMSE approach to per-
form the beamforming. Section VI extends the proposed algo-
rithm to COFDM. Section VII presents some simulation results,
and finally Section VIII concludes the paper.

II. SYSTEM MODEL

The objective of power control in wireless networks is to mini-
mize the transmitted power while some target error probabilities
aremet [11], [12]. Consider a network of M mobiles trying to ac-
cess the same channel. We denote the power link gain between
the 7th mobile and the bth base station by a real number G, and
the 7th mobile transmitted power by F;. we assume that one base
station is assigned to each mobile. Moreover, these base stations
use the same frequency band and so they suffer from co-channel
interference. The SINR at the bth receiver is given by

ry=_—Gulh ()
2) G P + Ny

i#b

where NV, is the noise power at the bth base station. The objective
is to maintain the total transmitted power as low as possible,
while the SINRs are kept above a threshold. If we denote the
minimum acceptable SINR at base b by -y, the lowest possible
total power is obtained when all of the SINRs are equal to the
threshold, i.e. I'y = v, b = 0,..., M — 1.

A distributed power update scheme is proposed in [13] that
achieves the optimal solution for (2). The bth mobile power at
the nth stage of iteration is updated by

M-1
P;,(n—l—l):g—:b Y GaPi(n)+ Ny |. b=0,...,M~1
i=0

i#b

2
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The right-hand side in (2) is a function of the noise and inter-
ference at the bth base station (the term inside parenthesis), the
link gain Gy, and the target SINR. All of these can be measured
locally and transmitted through a feedback channel to the cor-
responding mobile [11].

In the following, we consider this scheme in a multiuser en-
vironment using multicarrier transmission. Our objective is to
optimize the power allocation at all fixed-modulated subcarriers
for all of the mobiles, such that: @) The SINR at all of the sub-
carriers for all of the mobiles are close to each other and they
are above a SINR threshold. b) The total power used to achieve
the aforementioned objective is minimized. The basic idea is to
allocate less power to the subcarriers with less interference, and
more power to the subcarriers with lower SINR. If the maximum
number of paths between the ith user and the bth base station is
assumed to be L, the corresponding link can be modeled by the
following impulse response (we have ignored the Doppler ef-
fect):

L-1
hib(t) =\ Gib Z aébé (t — Tilb) (3)
=0

where aﬁ , denotes the /th path fadings that are independent com-
plex Gaussian variables with variance a,be (their amplitudes
are Rayleigh); Tilb’S are the delays of the corresponding paths;
and Gj; is a real random variable representing the log-normal
shadow fading and path loss.

In this paper, the vectors are shown by bold underline let-
ters. Moreover, the transmitted and received signals at the time
domain are shown by uppercase and the same values at the fre-
quency domain by lowercase letters. Let us assume that NV de-
notes the number of subcarriers, T the symbol period, and f
the carrier frequency. If N is large enough, each subcarrier can
be modeled as a flat fading channel [1], and so the link gain at
subcarrier ¢, H{; can be calculated simply by replacing f with
£ 2 fot (¢/NTs) in H(f), the Fourier transform of A, (¢) in
), 1.e.,

L—1
Hy = /G Y alyel=7271m), @)
=0

Without loss of generality, we can assume the path loss and
shadowing for different paths to be the same, and any differ-
ence can be absorbed in fading coefficients.

In this paper, we assume that a proper guard interval has been
inserted in time domain such that the effect of intersymbol inter-
ference (ISI) can be ignored. Moreover, the guard interval has
the form of cyclic prefix and, therefore, the interaction of the re-
ceived signals at different subcarriers in the frequency domain
is zero. This is due to the cyclic convolution performed between
the channel and the transmitted signal. The modulated data at
subcarrier c for user ¢ is d§ whose energy is assumed to be unity
(e.g. using a fixed MPSK on all subcarriers).

We assume that all of the subcarriers use the same modulation
and so due to the fact that subcarrier link gains are different, by
distributing the power equally among them, the SINRs would
become unbalanced. Now, we perform a power control algo-
rithm at each subcarrier separately. If we denote the power al-
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located to mobile ¢ at subcarrier ¢ by P and define Wy e
e 727/N the kth sampled received signal (k = 0...N — 1) at
the bth receiver (after down conversion, guard interval removal,
proper matched filtering, and sampling at intervals T) will be
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where 1} is the kth noise sample and 7§ is the Fourier transform
of the noise samples. Since the noise samples are uncorrelated,
these two variables have the same power, V.

The signal at subcarrier ¢ for base station b in frequency do-
main is

M-1 M-1
gzztfb+ﬁgztgb+ Z%‘Fﬁg ;10=0,...,N—-1
i=0 i#b

(6)

where the first part is the desired signal attenuated by the link
gain, and the term inside the bracket is the sum of the interfer-
ences and thermal noise. The SINR at the cth subcarrier I'; is
given by (2) as a function of link gain, power value, and noise
at the cth subcarrier.

Our goal is to maintain I'j above a target value -y; while the
sum of allocated powers is minimized. To achieve this goal, we
apply the power control algorithm, described in the previous
subsection, to each subcarrier independently. Since the subcar-
riers are assumed to be orthogonal, this guarantees that the SINR
at each subcarrier is at least v; [11], [12].

III. POWER CONTROL AND FREQUENCY-DOMAIN
BEAMFORMING

Now consider an uplink OFDM system where adaptive
beamforming is deployed at each subcarrier of all OFDM
receivers. Fig. 1(a) depicts the receiver with frequency-domain
beamforming at each subcarrier which ensures that the subcar-
riers can still be considered independently. The kth sampled
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received vector at the bth base station at the time domain is
given by (using the notations introduced in (2))

1 M-1 /N-1

k c —ck

X =\/—N§ >t Wi | ay, +np ©)
=0 c=0

where the (J-element vector a;, is the array response at the bth
receiver for the sth transmitter, and g{f is the noise vector (with
dimension (), the number of antennas) whose elements are the
noise samples at the input of each antenna.

The resultant cth outputs of the FFT blocks create the vector
d, = Zf‘igl t&,a;;, + 1y, where ny, is the Fourier transform of
g’g. The output of the beamformer at subcarrier c is then given
by e© = wifd,.

If we assume that the receiver knows the array response to
the desired user, we can use minimum variance distortionless
response (MVDR) beamforming [14]. In MVDR, the weight
vector is calculated in order to minimize the total energy at the
beamformer output, when the gain toward the desired direction
is fixed. The joint beamforming and power control algorithm
is performed at each subcarrier separately, assuming perfect or-
thogonalization. The energy of the beampattern at subcarrier ¢
ise® = Ele®e™] = EZHE[QEQZH]EZ. Assuming that the noise
is zero mean, white Gaussian process, and the transmitted sym-
bols are independent and have average unity energy (see the as-
sumptions in Section II), we obtain

2
¢ = |30 (P 1HG[ [wi ") + Ny [wif?
i#b

~ J
~~

Ty

C 2 C 2
+P5 [ Hy | |wia,|”  ®)

where Ij is the interference plus noise and the second term is
the power of the signal coming from the desired direction.

The SINR at the output of the beamformer at subcarrier c is
given by

2 2
e — Py|Hy,| |E§H§bb| c=0
b — 2 . -
S (e lH Pl an ) + Ny g
i#b

L N-1.

P
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The MVDR solution for beamforming optimization will be [14]

-1
w¢ = (Rg) App

W, = I 1 s Cc = 0,...
ay (R} ay,

JN -1 (10)
where the data correlation matrix at the cth subcarrier of base

station b is

b= Z (PC |Hg|® azbazb) + NI
i7#b

Y

Note that in (3) we have used ¢ # b. Using the Matrix Inversion
Lemma [14], it is straightforward to show that by choosing wj
as in (3), we can drop the restriction ¢ # b in the definition of
autocorrelation matrix in MVDR beamforming.

By considering the fact that the MVDR constraint enforces
|wif a,, |2 = 1, we solve (3) in terms of P¢ and adopt the iter-
ative scheme presented in [11]. As a result, the mapping at each
iteration is the combination of (3) and the following equation:

o re(n).

Fi(n+1) =
|Hg, |

(12)
The following algorithm achieves the jointly optimal power al-
locations and adaptive beamforming, assuming the same mod-
ulation at all subcarriers.

1) Atstep n = 0, the bth base station sets P (n) = 0 (¢ =
0...N — 1) for its mobile.

2) For each subcarrier, the bth base station calculates the
autocorrelation matrix Ry, and uses (3) to compute the
weight vector wy.

3) The base station calculates the interference and noise at
subcarrier ¢, I7(n), as given in (3), and transmits it to
the transmitter through the feedback channel.

4) The mobile transmitter updates the power at each sub-
carrier according to (3).

5) IfPf(n+1) > Puax, weset P{(n+1) = Pyax, where
Prax 1s a predetermined maximum power. This prevents
the subcarriers in deep fade to consume a tremendous
amount of power

6) I Y0 [PY(n 4+ 1) — PP(n)]> < p, when pis a
threshold that defines the speed of convergence, the base
station stops, otherwise sets n = n + 1 and goes back to
step 2.

Note that instead of imposing an upper bound on each subcar-
rier’s power ( Ppax), we can discard the subcarrier which is in
deep fade. However, this results in data rate reduction.

If there is a solution for the joint power control and beam-
forming problem, this algorithm will converge to the optimum
solution and this solution is unique [11] (assuming a fixed mod-
ulation).

In this work, we assumed that each mobile is using all avail-
able subcarriers. However, in orthogonal frequency-division
multiple access (OFDMA), users are grouped and a subset
of OFDM subcarriers is assigned to each (group of) user(s).
In this case, the proposed algorithms can be applied to the
co-channel users in each group by replacing N with the number
of subcarriers assigned to a group. The modulation schemes
can be different in different groups and this allows us to have a
separate desired SINR for each group.
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IV. TIME-DOMAIN BEAMFORMING

The complexity (number of multiplications) of frequency-do-
main beamforming at the receiver is in the order of QN log N +
NQ*. In the system depicted in Fig. 1(b), the beamforming is
performed in the time domain and unlike Fig. 1(a), only one set
of weight vectors is calculated at each iteration rather than NV
sets. The complexity of this system is N log N + Q*, which is
significantly less compared with that of Fig. 1(a). With Q = 4
and N = 128, the complexity of Fig. 1(a) is in the range of
33847, while that of Fig. 1(b) is 525, a complexity decrease of
an order of 64.

Using the system depicted in Fig. 1(b), we are no longer
able to consider the joint beamforming and power control at
each subcarrier independently. In an OFDM system, the symbol
decisions are made at the FFT output. The error and weight
vector calculations have to be done in the frequency domain.
If a time-domain beamformer is to be used, we need to relate
the frequency domain error to that quantity in the time domain.
One way to look at this problem is to minimize the energy of
Dy, the output of the beamformer in Fig. 1(b). Using the Par-
seval equation, this is equivalent to minimizing the sum of the
energies of the subcarriers at the output of the FFT block. If we
denote the kth sample input to the FFT block at receiver b by
X f , then using (3), the received signal at the pth subcarrier will

be
p * AP
E : tzb § : azbwbq + E wbqan

1 N-1
=— Y Xiw =
VIR
(13)

where tfb is defined as in (2). Note that in (4) we have used the
property of Comb Sequences, which states Zi\:ol W}f,p = 0 for
all p # 0. Using the fact that the input symbol energy is unity,
the signal energy at subcarrier p is obtained by

M—-1

M-—1

N,
=K [dpdp} ZP”I bl |ﬂf§ib2+7”|ﬂb|2,

It is not possible to minimize the energy of all of the subcarriers
simultaneously, thus we use a metric which is a positive combi-
nation of all eP’s. Since each e? is actually an energy quantity,
we simply minimize the sum of the energies that is equivalent
to the energy at the output of the beamformer Dy, as illustrated
in Fig. 1(b). So our optimization problem becomes

M-1
Wb—argmln{2|wb ab| ZPP |Hp| +NN;,|Wb|}

subject to ﬂngbb =1

where the term inside the bracket is equal to Z —0 Lep,
This is very similar to a normal beamformlng process. The
solution for the vector w, is similar to (3) with R, redefined as

N-1 N-1
R, = Z <gib§g Z P? |H§)|2> + NN = Z R? (14)
i#b p=0 p=0

where R} is the autocorrelation matrix at subcarrier p as defined
in (3). As in the case of frequency-domain beamforming, the
restriction ¢ # b in (4) can be dropped.



OLFAT et al.: POWER ALLOCATION FOR OFDM

By replacing w; with w,, the SINR at the cth subcarrier
can be evaluated by (3), and at each receiver the iterative al-
gorithm would be the same as the one for frequency-domain
beamforming presented in Section III, except in step 2, where
the bth base statlon calculates the sum of autocorrelations of all
subcarriers, Z RC Moreover, instead of wy, we calculate
and use wy.

Let us assume that the gain matrix is denoted by F(w) whose
(ib)th element is (v§|HS|?|wH a;,|?) /(| Hf,|?) for i # b and O
for ¢ = b. The gain matrix is an irreducible nonnegative def-
inite matrix, and by the Perron-Frobenius theorem [15], has a
positive real eigenvalue that is larger than the amplitude of all
other eigenvalues (spectral radius of the matrix). If the spectral
radius of the gain matrix is less than unity, there is a solution
for the algorithm [11], [12]. Let us call the mappings defined by
the modified version of (3) (replacing wy with w,) m*(p™),
and the mapping defined by the combination of (4) and (3) as
m(p™). Since the coefficients of the power values in these map-
pings are positive, [11, Th. 1] is applicable to prove the conver-
gence and optimality of this algorithm. The fixed point of the
mapping m(.) is unique [11]. Therefore, if the link gains and
steering vectors are such that there exists a solution for this joint
power control and beamforming problem, the above mentioned
algorithm will always converge to a unique optimal solution. If
there is a solution to the iterative algorithm, the application of
the upper bound to each subcarrier’s power ( Py,ax) will expe-
dite the convergence.

Like frequency domain, in time-domain beamforming, only
one real value is exchanged through the feedback channel from
the receiver to the transmitter for each link per update. There-
fore, the required bandwidth for the feedback channel is the
same for both methods.

V. MMSE BEAMFORMING APPROACH

If the base stations do not have full knowledge of the array
responses, a,;,, we must use a training sequence which is cor-
related with the desired signal. The weight vector is obtained
by minimizing the MSE between the estimated signal and
the training sequence. This is called MMSE approach [16].
MMSE can be applied to both frequency and time-domain
beamforming. Here, we only show the MMSE time-domain
beamforming. If we call the kth sample at the gth antenna at
base station b by X fq, from (4) we obtain

1 N-1
Ci(‘ — kakrn
b \/N kzzo b "Y' N

J's (15)

where the sequence sj, (¢ = 0... N — 1) is the Fourier trans-
form of the sequence X, (k = 0 .N — 1). The objective in
MMSE beamforming is to minimize €%, given by

Eisz[

ds — t

}ZPJ |Hp|* + wi'RE, w, — 2Re{w{'rS,}
(16)
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where ty = \/PSHy,d;, and dj is the training sequence at the
bth transmitter whose power is assumed to be unity. Moreover,
RS, = E[sis¢f] and r¢, = E[s§ts*].

Here we have IV subcarriers and the weight vector is the same
for all of them, so the crlterla 1n MMSE time-domain beam-
forming is to minimize Zc 0y gcb This is a typical MMSE op-
timization problem and if Z 0 RC is nonsingular, its solu-
tion will be the well-known Wlener—Hopf equation [16] given
by

- 1N
wiPt = (Z RS ) > or. (17)
c=0

The time-domain beamformer does not minimize the individual
errors at each subcarrier. Therefore, the principal of orthogo-
nality, valid for the Wiener-Hopf solution, is not satisfied here.
However, in the following lemma, we will prove that this solu-
tion is equivalent to the MVDR solution up to a constant coef-
ficient and, therefore, results in the same SINR [16].

Lemma: 1If the training sequences transmitted from different
mobiles are uncorrelated, the MMSE weight vector presented
in (5) is equivalent to the MVDR weight vector, as expressed in
(3) with autocorrelation matrix defined as in (4), up to a constant
coefficient.

Proof: Using (3) and the definition of vector si, we have

rg=E [Sif 5]

M-1N-1 N-1
e S a Y Wi

1=0 p=0 k=0

1 N-1

\/—— [nbtb ]

1 (‘*
=N Z Eltity"]
=0

=F |:|fb| } ay,
:Pf|Hsz| App -

On the other hand, by using the definition of R, we get
R, =B [sis;"]
M—1M—-1 | Nt .
H cyex k_k
= Z Z aga;, B[t + N E [nb n, ]
i=0 /=0 k=0
M—1

= Z ayall PCIHS|” + NoIl = R,

This is the same as the autocorrelation for MVDR defined in (4).
Using (5) and (5), the weight vectors for MVDR and MMSE
time-domain beamforming are the same. [ |

The interference at subcarrier c equals the difference between
the received power, F| d% |2], and the power of the desired signal
and is given by

C H c 1 C (&
Iy = wy™ (Rgs - W&tzst’{) w18
b bb
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Therefore, the MMSE algorithm is outlined as follows.

1) Atstepn = 0, the bth base station sets P(n) = 0;
(¢ =0...N — 1) for its mobile.

2) Using (5), the bth base station finds the weight vector
wyr.

3) The base station uses (5) to find the interference at each
subcarrier and transmits these values to the bth mobile
through the feedback channel.

4) The bth mobile uses (3) to re-calculate the power at each
subcarrier. If P{(n + 1) > Ppax, we set Pf(n + 1) =
P, max-

5) The base station sets n = n + 1 and repeats from step 2
until convergence.

VI. EXTENSION TO COFDM

Theoretically, the bit and power allocation obtained by the
loading algorithms meet the desired BER as long as the time
variation of the channel is very limited. Performing bit loading
on time-varying channels requires a mechanism to adapt to the
channel variation. Many practical OFDM systems use coding
across subcarriers (in frequency domain) to achieve better im-
munity to the frequency-selective fading channels. This pro-
vides a link between bits transmitted on separate subcarriers and
is done in such a way that the information conveyed by the sub-
carriers in deep fade can be reconstructed by the information
received through the ones with good channels. Block or convo-
lutional codes are used either by their own or combined together
(as the inner and outer code) and possibly with interleaving. In
trellis-coded modulation (TCM), convolutional coding is com-
bined with modulation and results in higher coding gain. Mostly,
TCM is based on the set partitioning performed by the Unger-
boeck’s encoder [17], in which m information bits map into a
signal from the 2™*1-ary constellation. k of these bits are en-
coded by a rate-k/(k + 1) convolutional encoder to select one
of the 2#*1 partitions at the (k + 1)th level of the constellation’s
partition tree. The remaining m — k bits are used to select one
point within the designated partition. Adaptive TCM (ATCM)
uses MQAM constellation and has a coding gain of at least 7 dB
over simple TCM (see [6] for details).

Although the COFDM averages the fading over all subcar-
riers, in an environment with low or moderate high SNR, the
BER depends on the SNR of each subcarriers. This dependence
could be better seen for TCM, through the following inequality
[18], [19]:

2F,
(2No)

N4, Q (2No)

(e}
<P <> NaQ (
d=djy
where dfc is the normalized square free distance of the code, N,
and Ny , are the average number of paths in the trellis having
the squared Euclidian distance of d? and d? from the all-zero
path, respectively, and () is the error function.

Moreover, in a multiuser environment it is not only the fading
that determines both the performance of each subcarrier and
the overall performance of a single link. The effects of interfer-
ences plays a detrimental role on the overall BER, and there-
fore increasing the SINR at each subcarrier can improve the

2
dES) (19)
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overall BER. From a system level point of view, COFDM ap-
plied in a single user only mitigates the SNR fluctuations over
different subcarriers of the same user, but cannot optimize the
allocation of resources in a multiuser environment, such that
the effect of interferences is minimized. Consequently, applying
beamforming to each subcarrier can improve the performance of
the system. Moreover, by beamforming at each subcarrier, we
would be able to decrease the power consumption for achieving
the same performance. The SINR fluctuation is amplified by the
spatial processing and therefore the dependence of the overall
BER on the SINR of each subcarrier becomes more severe.
Power control can compensate for this fluctuation.

In this paper, we will consider four COFDM systems using
TCM. Those are a COFDM system with no power control or
beamforming, a COFDM system using the frequency-domain
beamforming to increase the SINR with the same amount of
total network power, a system with joint power control and
frequency-domain beamforming per subcarrier, and finally a
COFDM system where power control is performed per user and
beamforming per subcarrier. In the second and third systems,
the per subcarrier SINR is measured at the symbol level, before
decoding (or demodulation). In the last system, the following
iterative algorithm is used to achieve power control per user
and beamforming per subcarrier. This algorithm tries to adapt
the total user power by the equivalent SINR of the COFDM
system derived from the BER of the receiver. The equivalent
SINR of the COFDM system is defined as the SINR of an
uncoded-OFDM system achieving the same BER, minus the
coding gain of the code.

1) Atstep n = 0, all mobiles start with equal powers at all
subcarriers. The weight vectors are initialized to a vector
that have only one arbitrary nonzero components.

2) Each base station calculates the BER using a fixed
number of frames.

3) Each base station calculates the SINR of the equivalent
uncoded system using the relationship

BER = £ (vZmcoaeasin (7))

where M = 2F is the constellation size, and Yuncoded
is the SINR of the equivalent uncoded system [19]. This
statement is an approximation of the bit error probability
of AWGN channels for MPSK modulations. We have
used it because the channel is assumed to be known at
the receiver, and also the interference can be considered
Gaussian, using central limit theorem.

4) The equivalent SINR of the COFDM system is calcu-
lated as Yeoded = Yuncoded — C, Where C' is the coding
gain of the coding scheme and the SINRs are evaluated
in decibels.

5) The following relationship is used to calculate the total
power of each mobile that is distributed equally among
subcarriers:

(20)

P(’I’L + 1) — P(TL) Ydesired )
Ycoded

2n

6) Each base station uses (3) to find the beamforming
weight at each subcarrier.
7) The algorithm is repeated until convergence.



OLFAT et al.: POWER ALLOCATION FOR OFDM

Spatial processing improves the SINR in each subcarrier and
the amount of improvement depends on the channel response,
spatial signature and the interference in each subcarrier. Since
some subcarriers get more benefits from the spatial processing,
the power control per subcarrier saves more power compared
with a system where the power control is performed per user.

VII. SIMULATION RESULTS

We use a wireless network consisting of 36 base stations
placed in a hexagonal pattern, where each cell contains one
mobile. This model can be used by adopting any multiple-ac-
cess scheme to distinguish the mobiles in a cell. We assume
that all of the base stations belong to the same co-channel
set. The formulations presented in this paper are applicable
to the cases where multiple users are assigned to one base
station, simply by allocating different indices to the same base
stations associated with different mobiles. Users are randomly
distributed in a cell according to a uniform distribution. We use
an OFDM system with 32 subcarriers for transmission. The
communication channel is assumed to follow the COST207
Typical Urban 6-ray channel model with average path delays
of {0.0,0.2,0.5,1.6,2.3,5.0} measured in ps and path fading
powers of {0.189, 0.379,0.239,0.095,0.061,0.037} [20]. The
maximum channel delay spread is 5 us and so the channel co-
herence bandwidth is 200 kHz. Path loss exponent is assumed
to be four. Link loss also includes a shadow fading with 2.5 dB
variance. We assume a quasi-static channel where the channel
is assumed to be fixed over multiple OFDM symbols. Note that
the subcarrier link gains for each user could be correlated and
are obtained according to (2). The Doppler shifts are ignored,
and any frequency and phase error and time mismatch are
assumed to be resolved. Each OFDM symbol is assumed to be
1 us long, which corresponds to a bandwidth of 1 MHz. There-
fore, the subcarrier spacing is 32 kHz, which is smaller than the
coherence bandwidth of the channel, and so the fading at each
subcarrier can be considered flat. A one-tap frequency-domain
equalizer is assumed at the receiver to compensate the channel
flat fading at each subcarrier. The average power of the signal at
each subcarrier at each transmitter is assumed to be unity. Noise
power at each receiver is assumed to be —60 dBm. Quaternary
phase-shift keying (QPSK) modulator and demodulator are
used at all of the subcarriers in the transmitter and receiver.
The desired SINR at each subcarrier for uncoded systems
varies over a range of —5 to 15 dB. For the systems using
beamforming a four-element antenna array is deployed at each
receiver. In adaptive power policy, we measure the performance
by picking a random mobile, and the selection is not important
since the SINR at all of the subcarriers for all of the mobiles are
almost the same. However, in uniform transmit power policy,
the SINR at different receivers and subcarriers are different.
Therefore we pick several base stations based on the average
SINRs of their subcarriers to calculate the performances (e.g.
the base stations labeled as “best base,” “worst base,” “base 0,”
and “average base” in Figs. 2 and 3).

In Fig. 2, a single-antenna configuration is used to perform
adaptive and uniform power policy, when the channel is as-
sumed to change from one OFDM symbol to another, but fixed
during one OFDM symbol, and the total network power in the

4 Bit Error Rate vs. Total network power for single antenna cases
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Fig. 2. BER versus SINR (in decibels) for single-antenna cases for time-
varying channel between power updates.
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Fig. 3. BER versus total network power (in decibels relative to 1mW) for

single-antenna cases assuming quasi-static channel.

uniform policy experiment is the same as in the adaptive one. It
is clear that the BERs of all of the base stations for the adap-
tive case are close to that of the base station having average
SINR. The BER versus total network power is plotted in Fig. 3,
when the channel follows a quasi-static model. In other words,
in Fig. 3 the channel is assumed to be constant between two suc-
cessive power updates, but it could vary from one to another,
while in Fig. 2 the channel varies symbol by symbol.

We expect that in adaptive power policy all of the subcarriers
perform close to the target SINR, while in uniform policy, be-
cause of different link gains at different subcarriers, the SINRs
are expected to be different. This fact is illustrated in Fig. 4,
where the SINRs for different subcarriers of a base station using
both policies are shown. The target SNIR in this experiment is
5 dB. The sixth subcarrier is in deep fade, and therefore the
transmitter power for this subcarrier is saturated at its maximum
value, Pp,,x, and the target SINR is not achievable. The average
SINR for the mobile chosen in uniform policy is about 5.1 dB.
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Fig. 5 compares the three adaptive power control methods
proposed in this paper. This figure shows that by using fre-
quency-domain beamforming, we can achieve lower total net-
work power for the same target SINR. For example, the 10 dB
threshold SINR is achieved by reducing about 4 dB in total net-
work power [the absolute powers are represented in dBm, but
the differences are measured in decibels (dB)] compared with
the single-antenna case. It is also shown that with the channel
parameters we have used, the time-domain beamforming, al-
though not optimal, performs somewhere between the single-
antenna system and the system utilizing the frequency-domain
beamforming at each receiver. In this case, for the same target
SINR the total network power is about 3 dB lower compared
with the single-antenna case. This amount clearly depends on
the channel parameters. Obviously, the saving in complexity
would be at the expense of performance. In all of these cases,
the uncoded-OFDM is used and by using the adaptive power
control scheme, we have guaranteed the SINR at all of the sub-
carriers to be close to the desired SINR. Since we have assumed
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Fig. 8. 8-state 8-PSK TCM trellis.

a fixed modulation scheme at all of the subcarriers, we expect
to achieve similar BERs in all of these cases. The simulation re-
sults have confirmed our expectation.

Figs. 6 and 7 compare the uncoded-OFDM system with the
rate 2/3 COFDM system using the TCM represented in Fig. 8.
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Bit Error Rate vs. SNR for single carrier systems
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Fig. 9. Coding gain of the TCM encoder depicted in Fig. 8.

This is an Ungerboeck 8-state 8-PSK TCM encoder, whose min-
imum free distance dZ._ is equal to 4.568 (no parallel transi-
tion) and the asymptotic coding gain (the coding gain at high
SNR) is v = 2.29 (3.6 dB). Viterbi decoding is used at each
receiver. The equivalent uncoded system uses QPSK modula-
tion. The SINR range for comparing the COFDM systems is
chosen to be 0 to 30 dB. Fig. 9 is used to evaluate the coding
gain at different SINRs. This figure is obtained by calculating
the performance of a single carrier system using the same TCM
encoder and Viterbi decoder (the arrows show the coding gain
at BER = 107°). In Fig. 6, the total network power of an un-
coded-OFDM system is compared with a COFDM system with
per user power control and per subcarrier beamforming. Note
that the total network power of a COFDM system with per sub-
carrier power control and beamforming is the same as that of the
uncoded-OFDM system with power control and beamforming
per subcarrier. The total power for uncoded system is lower than
COFDM system for low or moderate SNR, but is higher for high
SNR. This is compensated by lower BER shown in Fig. 7, where
we compare the BER versus desired SINR for different OFDM
systems. As can be seen from these curves, the COFDM system
without any power control and beamforming has the lowest
performance compared with other systems. A COFDM system
where the transmitted powers are equal at all subcarriers but the
frequency-domain beamforming is performed at each subcar-
rier, has a better performance compared with a COFDM system
with no power control or beamforming. The curve marked by
diamonds shows the BER of a COFDM system in which the per
user power control jointly with per subcarrier frequency-domain
beamforming (the algorithm mentioned in Section VI) is per-
formed. This figure shows that if the joint power control and fre-
quency-domain beamforming is performed at each subcarrier,
both the uncoded and coded system have better performances
compared with other configurations. For low SINR environ-
ments, the uncoded system achieves lower BER, while the per-
formance of the coded system is better for the moderate and high
SINR environments. As can be seen, these two curves intersects
when the desired per subcarrier SINR is 7 dB. As the SINR is
increased the coded system performs better. For low BERs, the
OFDM coding gain is about 3.6 dB, which is consistent with the

asymptotic coding gain of the trellis depicted in Fig. 8. Since in
both cases power control and frequency-domain beamforming
is performed at the symbol level, we expect the uncoded system
to have a better performance in low SINRs, while in moderate
or high SNR the coded system performs better.

VIII. CONCLUSION

We considered iterative joint power control and beamforming
for OFDM networks with fixed modulation per subcarriers. Our
study showed that the SINR at all subcarriers of all mobiles
could be at least equal to a target value, while the total network
power is minimized.

From our simulations we observed that by using joint fre-
quency-domain beamforming and adaptive power control, we
could achieve about 4 dB less total network power compared
with the single-antenna case with the same target SINR. To re-
duce the complexity of the OFDM receivers, we performed the
array processing in the time domain and provided an iterative al-
gorithm to distribute the power among subcarriers. We observed
that the performance in this case could be close to frequency-do-
main beamforming, while the complexity of the receiver is about
64 times less (for 128 subcarriers and 4 antennas). This reduc-
tion in complexity is achieved by paying a price of having higher
total network power for the same target BER.

For some practical situation where array responses are un-
known, MMSE time-domain beamforming jointly with power
control was proposed. We have shown that the MMSE time-do-
main beamforming solution has the same SINR as the MVDR
solution.

The proposed joint power control and frequency-domain
beamforming was applied to the COFDM systems. We ob-
served that an uncoded-OFDM system with the proposed
algorithms performs better than the simple COFDM system,
a coded system with per subcarrier beamforming with equal
powers across subcarriers and a COFDM system with per user
power control and per subcarrier beamforming. If the proposed
algorithm is applied to COFDM, the BER is improved for
moderate and high SINRs.
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