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Abstract: Existing bit loading and transmit power allocation techniques are often
optimized for maintaining both a fixed transmit power and a fixed target bit-error rate
while attempting to maximize the overall data-rate. However, delay-critical real-time
interactive applications, such as voice or video transmission, may require a fixed data
rate. In this contribution the number of activated layers ina multiple input multiple
output (MIMO) system and the number of bits per symbol along with the appropriate
allocation of the transmit power are jointly optimized under the constraint of a given
fixed data throughput. Our results show that in order to achieve the best bit-error rate,
not necessarily all MIMO layers have to be activated.

Keywords: Multiple input multiple output system, singular value decomposition, bit
allocation, power allocation, wireless transmission.

1 Introduction

ADAPTIVE MODULATION (AM) is a promising technique to increase the spec-
tral efficiency of wireless transmission systems by adapting the signal param-

eters, such as modulation constellation or transmit power,dynamically to changing
channel conditions [4]. However, in order to comply with thedemand on increas-
ing available data rates in particular in wireless technologies, systems with multiple
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transmit and receive antennas, also called MIMO systems (multiple input multiple
output), have become indispensable and can be considered asan essential part of in-
creasing both the achievable capacity and integrity of future generations of wireless
systems [5, 6]. In general, the most beneficial choice of the number of bits per sym-
bol and the appropriate allocation of the transmit power offer a certain degree of de-
sign freedom, which substantially affects the performanceof MIMO systems. The
well-known water-filling technique is virtually synonymous with adaptive modula-
tion [7, 8, 9, 10, 11, 4] and it is used for maximizing the overall data rate. However,
delay-critical applications, such as voice or streaming video transmissions, may re-
quire a certain fixed data rate. For these fixed-rate applications it is desirable to
design algorithms, which minimize the bit-error rate (BER)at a given fixed data
rate. Assuming perfect channel state information at the transmitter side, the chan-
nel capacity can only be achieved by using water-pouring procedures. However,
in practical application only finite and discrete rates are possible. Therefore in this
contribution the efficiency of fixed transmission modes is studied. Against this
background, the novel contribution of this paper is that we demonstrate the benefits
of amalgamating a suitable choice of activated MIMO layers and number of bits per
symbol with the appropriate allocation of the transmit power under the constraint
of a given data throughput.

The remaining part of this paper is organized as follows: Section 2 introduces
the system model and the considered quality criteria. The proposed solutions of
adaptive bit and power allocation are discussed in section 3, while the associated
performance results are presented and interpreted in section 4. Section 5 provides
some concluding remarks and finally, a short outlook on interesting topics for fur-
ther work is given in section 6.

2 SDM MIMO Model and Quality Criteria

When considering a non-frequency selective SDM (space division multiplexing)
MIMO link composed ofnT transmit andnR receive antennas, the system is mod-
elled by

uuu = HHH ·ccc+www . (1)

In (1), uuu is the(nR×1) received vector,ccc is the(nT ×1) transmitted signal vector
containing the complex input symbols andwww is the(nR×1) vector of the additive,
white Gaussian noise (AWGN) having a variance ofU2

R for both the real and imag-
inary parts. Furthermore, we assume that the coefficients ofthe(nR×nT) channel
matrix HHH are independently Rayleigh distributed with equal variance and that the
number of transmit antennasnT equals the number of receive antennasnR. The
interference between the different antenna’s data streams, which is introduced by
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the non-diagonal channel matrixHHH, requires appropriate signal processing strate-
gies. Common strategies for separating the data streams arelinear equalization at
the receiver side or linear pre-equalization at the transmitter side, if channel state
information is available. Unfortunately, linear equalization suffers from noise en-
hancement and linear pre-equalization of the transmit signal from an increase in the
transmit power. Both schemes only offer poor power efficiency. Therefore, other
signal processing strategies have attracted a lot of interest. Another popular tech-
nique is based on the singular value decomposition (SVD) [12] of the system matrix
HHH, which can be written asHHH = SSS·VVV ·DDDH, whereSSSandDDDH are unitary matrices and
VVV is a real-valued diagonal matrix of the positive square roots of the eigenvalues
of the matrixHHHH HHH sorted in descending order1. The SDM MIMO data vectorccc is
now multiplied by the matrixDDD before transmission. In turn, the receiver multiplies
the received vectoruuu by the matrixSSSH. Thereby neither the transmit power nor the
noise power is enhanced. The overall transmission relationship is defined as

yyy = SSSH (HHH ·DDD ·ccc+www) =VVV ·ccc+w̃ww. (2)

Here, the channel matrixHHH is transformed into independent, non-interfering layers
having unequal gains.

In general, the quality of data transmission can be informally assessed by using
the signal-to-noise ratio (SNR) at the detector’s input defined by the half vertical
eye opening and the noise power per quadrature component according to

ρ =
(Half vertical eye opening)2

Noise Power
=

(UA)2

(UR)2 , (3)

which is often used as a quality parameter [13]. The relationship between the
signal-to-noise ratioρ =U2

A/U2
R and the bit-error probability evaluated for AWGN

channels andM-ary Quadrature Amplitude Modulation (QAM) is given by [14,15]

PBER =
2

log2(M)

(

1−
1

√
M

)

erfc

(
√

ρ
2

)

. (4)

When applying the proposed system structure, the SVD-basedequalization leads
to different eye openings per activated MIMO layerℓ and per transmitted symbol
block k according to

U (ℓ,k)
A =

√

ξℓ,k ·Usℓ , (5)

whereUsℓ denotes the half-level transmit amplitude assumingMℓ-ary QAM and
√

ξℓ,k represents the positive square roots of the eigenvalues of the matrixHHHHHHH

1The transpose and conjugate transpose (Hermitian) ofDDD are denoted byDDDT andDDDH, respectively.
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Fig. 1. Resulting system model per MIMO layerℓ and transmitted data blockk

(Fig. 1). Together with the noise power per quadrature component, the SNR per
MIMO layer becomes

ρ (ℓ,k) =

(

U (ℓ,k)
A

)2

U2
R

= ξℓ,k
(Usℓ)

2

U2
R

. (6)

Considering QAM constellations, the average transmit power Psℓ per MIMO layer
ℓ may be expressed as [16, 17]

Psℓ =
2
3

U2
sℓ (Mℓ−1) . (7)

Combining (6) and (7), the layer-specific SNR results in

ρ (ℓ,k) = ξℓ,k
3

2(Mℓ −1)

Psℓ

U2
R

. (8)

Using the parallel transmission overL ≤ min(nT,nR) MIMO layers, the overall
mean transmit power becomesPs = ∑L

ℓ=1Psℓ, where the number of readily separa-
ble layers2 is limited by min(nT,nR). In order to transmit at a fixed data rate while
maintaining the best possible integrity, i. e. bit-error rate, an appropriate number of
MIMO layers has to be used, which depends on the specific transmission mode, as
detailed in Tab. 1. In general, the BER per SDM MIMO data vector is dominated
by the specific transmission mode and the characteristics ofthe singular values,
resulting in different BERs for the different QAM configurations in Tab. 1. An
optimized adaptive scheme would now use the particular transmission mode that
results in the lowest BER for each SDM MIMO data vector. This would lead to
different transmission modes for different SDM MIMO data vectors and a mod-
erate signaling overhead would result. However, in order toreduce the signalling
overhead further, fixed transmission modes are used in this contribution regardless
of the channel quality. The bit-error probability per MIMO layerℓ and transmitted

2It is worth noting that with the aid of powerful non-linear near Maximum Likelihood (ML) sphere
decoders it is possible to separatenR > nT number of layers [18].
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Table 1. Investigated transmission modes

throughput layer 1 layer 2 layer 3 layer 4

8 bit/s/Hz 256 0 0 0
8 bit/s/Hz 64 4 0 0
8 bit/s/Hz 16 16 0 0
8 bit/s/Hz 16 4 4 0
8 bit/s/Hz 4 4 4 4

12 bit/s/Hz 4096 0 0 0
12 bit/s/Hz 256 16 0 0
12 bit/s/Hz 64 64 0 0
12 bit/s/Hz 64 16 4 0
12 bit/s/Hz 64 4 4 4
12 bit/s/Hz 16 16 16 0
12 bit/s/Hz 16 16 4 4

symbol blockk after SVD is given by [13]

P(ℓ,k)
BER =

2
(

1− 1√
Mℓ

)

log2(Mℓ)
erfc

(
√

ξℓ,k

2
·
Usℓ

UR

)

. (9)

The resulting average bit-error probability per transmitted symbol blockk assuming
different QAM constellation sizes per activated MIMO layerresults in

P(k)
BER =

1

∑L
ν=1 log2(Mν)

L

∑
ℓ=1

log2(Mℓ)P(ℓ,k)
BER . (10)

When considering time-variant channel conditions, ratherthan an AWGN chan-
nel, the BER can be derived by considering the different transmission block SNRs.
Assuming that the transmit power is uniformly distributed over the number of ac-
tivated MIMO layers, i. e.,Psℓ = Ps/L, the half-level transmit amplitudeUsℓ per
activated MIMO layer results in

Usℓ =

√

3Ps

2L(Mℓ−1)
. (11)

The signal-to-noise ratio per data blockk and MIMO-layerℓ, defined in (6), results
together with (11) in

ρ (ℓ,k) = ξℓ,k
3

2L(Mℓ −1)

Ps

U2
R

= ξℓ,k
3

L(Mℓ−1)

Es

N0
, (12)
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Fig. 2. Resulting system model per MIMO layerℓ and transmitted data
block k including MIMO-layer PA

with
Ps

U2
R

=
Es

N0/2
. (13)

The BER per activated MIMO layerℓ and transmitted symbol blockk is given by:

P(ℓ,k)
BER =

2
(

1− 1√
Mℓ

)

log2(Mℓ)
erfc

(
√

3ξℓ,k

2L(Mℓ −1)

Es

N0

)

. (14)

The resulting average bit-error probability per transmitted symbol blockk assuming
different QAM constellation sizes is obtained as

P(k)
BER =

2
R

L

∑
ℓ=1

(

1−
1

√
Mℓ

)

erfc

(
√

3ξℓ,k

2L(Mℓ−1)

Es

N0

)

, (15)

with

R=
L

∑
ℓ=1

log2Mℓ . (16)

describing the number of transmitted bits per data block.

3 Adaptive Power Allocation

In systems, where channel state information is available atthe transmitter side, the
knowledge about how the symbols are attenuated by the channel can be used to
adapt the transmit parameters. Power allocation can be usedto balance the bit-
error probabilities in the activated MIMO layers. AdaptivePower Allocation (PA)
has been widely investigated in the literature [7, 8, 11, 13,19, 20]. The BER of the
uncoded MIMO system is dominated by the specific layer havingthe smallest SNR.
As a remedy, a MIMO transmit PA scheme is required for minimizing the overall
BER under the constraint of a limited total MIMO transmit power. The proposed
PA scheme scales the half-level transmit amplitudeUsℓ of theℓth MIMO layer by
the factor

√
pℓ,k. This results in a transmit amplitude ofUsℓ

√
pℓ,k for each QAM
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symbol of the MIMO transmit data vector (Fig. 2). Applying MIMO-layer PA, the
half vertical eye opening per MIMO layerℓ and data blockk becomes

U (ℓ,k)
PA =

√
pℓ,k ·

√

ξℓ,k ·Usℓ . (17)

Now the signal-to-noise ratio, defined in (12), is changed to

ρ (ℓ,k)
PA =

(

U (ℓ,k)
PA

)2

U2
R

= pℓ,k ·
3ξℓ,k

L(Mℓ−1)

Es

N0
= pℓ,k ·ρ (ℓ,k) . (18)

Using (4) and (18), along with the MIMO detector’s input noise power, the resultant
BER per MIMO layer and transmitted data block can be calculated according to

P(ℓ,k)
BERPA=

2
(

1− 1√
Mℓ

)

log2(Mℓ)
erfc

(
√

3pℓ,k ξℓ,k

2L(Mℓ −1)

Es

N0

)

. (19)

Finally, the BER per data block results in

P(k)
BERPA=

2
R

L

∑
ℓ=1

(

1−
1

√
Mℓ

)

erfc

(

√

3pℓ,k ξℓ,k

2L(Mℓ −1)

Es

N0

)

. (20)

The aim of the forthcoming discussions is now the determination of the values
√

pℓ,k for the activated MIMO layers.

3.1 Optimum power allocation

A common strategy is to use the Lagrange multiplier method inorder to find the
optimal value of

√
pℓ,k for each MIMO layerℓ and data blockk. The Lagrangian

cost functionJ(p1,k, · · · , pL,k) may be expressed as

J(p1,k, · · · , pL,k) =
2
R

L

∑
ℓ=1

(

1−
1

√
Mℓ

)

erfc

(
√

3pℓ,k ·ξℓ,k

2L(Mℓ −1)

Es

N0

)

+ λ BL , (21)

whereλ is the Lagrange multiplier [11]. The parameterBL in (21) describes the
boundary condition taking the transmit power restriction into account. The transmit
power per activated MIMO layerℓ and data blockk including PA results in

P(l ,k)
PAs =

2
3

U2
sℓ pℓ,k (Mℓ−1) . (22)
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With the half-level transmit amplitudeUsℓ defined in (11), the transmit power per
activated MIMO layer is given by

P(l ,k)
PAs =

Ps

L
pℓ,k . (23)

From the limitation of the transmit power according to

L

∑
ℓ=1

P(l ,k)
PAs −Ps = 0 (24)

follows
Ps

L

L

∑
ℓ=1

pℓ,k−Ps = 0 . (25)

In order to limit the total transmit power, the following auxiliary condition can be
formulated:

BL =
L

∑
ℓ=1

pℓ,k−L = 0 . (26)

As solution for the power allocation parameterpℓ,k per activated MIMO layerℓ and
data blockk the relationship

pℓ,k =

(

Es

N0

)−1 L(Mℓ−1)

3ξℓ,k
W

(

18
π

(

ξℓ,k

λ RL(Mℓ +
√

Mℓ)

Es

N0

)2
)

, (27)

is obtained [21], where W(x) describes the Lambert W function [22], with

W(x) ·eW(x) = x . (28)

The parameterλ can be calculated by insertion of (27) into (26) and numeric anal-
ysis. With calculatedλ the optimalpℓ,k can be determined using (27).

3.2 Equal-SNR power allocation

Again, a common strategy is to use the Lagrange multiplier method in order to
find the optimal value of

√
pℓ,k for each MIMO layerℓ and each data blockk,

which often leads to excessive-complexity optimization problems [13]. Therefore,
suboptimal power allocation strategies having a lower complexity are of common
interest [13, 11]. A natural choice is to opt for a PA scheme, which results in an
identical signal-to-noise ratio

ρ (ℓ,k)
PAequal=

(

U (ℓ,k)
PAequal

)2

U2
R

= pℓ,k ·ρ (ℓ,k) (29)
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for all activated MIMO layers per data blockk, i. e. in

ρ (ℓ,k)
PAequal= constant ℓ = 1,2, · · · ,L . (30)

The power to be allocated to each activated MIMO layerℓ and transmitted data
block k can be shown to be calculated as follows [13]:

pℓ,k =
(Mℓ−1)

ξℓ,k
·

L
L
∑

ν=1

(Mν−1)
ξν,k

. (31)

Taking (31) and (11) into account, for each symbol of the transmitted MIMO sym-
bol vector the same half vertical eye opening of

U (ℓ,k)
PAequal=

√
pℓ,k ·

√

ξℓ,k ·Usℓ =

√

√

√

√

√

3Ps

2
L
∑

ν=1

(Mν−1)
ξν,k

(32)

can be guaranteed (ℓ = 1, · · · ,L), i. e.,

U (ℓ,k)
PAequal= constant ℓ = 1,2, · · · ,L . (33)

When assuming an identical detector input noise variance for each channel output
symbol, the above-mentioned equal quality scenario (30) isencountered, i. e.,

ρ (ℓ,k)
PAequal=

(

U (ℓ,k)
PAequal

)2

U2
R

=
Es

N0

3
L
∑

ν=1

(Mν−1)
ξν,k

. (34)

Analyzing (34) for a given SDM MIMO data block, nearly the same BER can be
achieved on all activated MIMO layer. However, taking the time-variant nature
of the transmission channel into account, different BERs arise for different SDM
MIMO data blocks. Therefore, the BER of the MIMO system is mainly dominated
by the data blocks having the lowest SNR’s. In order to overcome this problem,
the number of transmit or receive antennas has to be increased or coding over the
different data blocks should be used [3].

4 Results

In this contribution fixed transmission modes are used regardless of the channel
quality. Assuming predefined transmission modes, a fixed data rate can be guaran-
teed. The obtained BER curves are depicted in Fig. 3– 5 for thedifferent QAM
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constellation sizes and MIMO configurations of Tab. 1, when transmitting at a
bandwidth efficiency of 12 and 8 bit/s/Hz, respectively3. Assuming a uniform
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Fig. 3. BER with PA (dotted line) and without PA (solid line) when using the transmission modes
introduced in Tab. 1 and transmitting 12 bit/s/Hz over non-frequency selective channels
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Fig. 4. BER with PA (dotted line) and without PA (solid line) when using the transmission modes
introduced in Tab. 1 and transmitting 12 bit/s/Hz over non-frequency selective channels

distribution of the transmit power over the number of activated MIMO layers, it

3The expression lg(·) is considered to be the short form of log10(·).
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turns out that not all MIMO layers have to be activated in order to achieve the best
BERs. More explicitly, our goal is to find that specific combination of the QAM
mode and the number of MIMO layers, which gives the best possible BER perfor-
mance at a given fixed bit/s/Hz bandwidth efficiency. TheEs/N0 value required by
each scheme at BER 10−4 was extracted from Fig. 3– 5 and the best systems are
shown in bold in Tab. 1.
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10 · lg(Es/N0) (indB) →

bi
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er
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(256,0,0,0) QAM
(64,4,0,0) QAM
(16,4,4,0) QAM
(4,4,4,4) QAM

Fig. 5. BER with PA (dotted line) and without PA (solid line) when using the transmission modes
introduced in Tab. 1 and transmitting 8 bit/s/Hz over non-frequency selective channels

Allowing a low signaling overhead, an adaptive choice of thetransmission
modes can be carried out. Since the BER per SDM MIMO data blockis domi-
nated by the chosen transmission mode and the distribution of the singular values,
the different transmission modes, as depicted in Tab. 1, lead to different BERs
per SDM MIMO data block. An adaptive modulation scheme wouldnow use the
specific transmission mode that results in the lowest BER perdata block. As de-
picted in Fig. 6, the adaptive choice of the transmission mode outperforms the
fixed modes at the cost of a small signaling overhead.

Further improvements are possible by taking the adaptive allocation of the
transmit power into account. The differences between the optimal and the subopti-
mal equal SNR PA as highlighted in Fig. 7 and show a negligibleperformance gap
between the optimal and the equal SNR PA. The only differencebetween the opti-
mum PA and the equal SNR PA is the consideration of the factor(1−1/

√
Mℓ) by

the optimum PA. However, their influence, introduced by the layer-specific QAM
constellation sizes, is by far too small to generate remarkable differences in the
performance. Furthermore, from Fig. 3– 5 we see that unequalPA is only effective
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Fig. 6. BER with PA (dotted line) and without PA (solid line) when using the transmission modes
(TM) introduced in Tab. 1 and transmitting 8 bit/s/Hz over non-frequency selective channels (▽ ,

adaptive choice of the transmission mode)
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Fig. 7. Different PA solutions on an exemplarily consideredchannel (L = 2,M1 = 64,M2 = 4,ξ1 =
1.8,ξ2 = 0.6) when transmitting 8 bit/s/Hz over a non-frequency selective channel

in conjunction with the optimum number of MIMO layers. Usingall MIMO lay-
ers, our PA scheme would assign much of the total transmit power to the specific
symbol positions per data block having the smallest singular values and hence the
overall performance would deteriorate.
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5 Conclusion

Bit and power loading in MIMO systems were investigated. It turned out, that
the choice of the number of bits per symbol as well as the number of activated
MIMO layer substantially affects the performance of a MIMO system, suggesting
that not all MIMO layers have to be activated in order to achieve the best BERs. In
particular, different power allocation options were presented. The main goal was to
find that specific combination of the QAM mode and the number ofMIMO layers,
which gives the best possible BER performance at a given fixedbit/s/Hz bandwidth
efficiency. TheEs/N0 value required by each scheme at BER 10−4 was extracted
from computer simulations and the best systems are shown in bold in Tab. 1.

6 Outlook

Wireless MIMO systems currently are a very dynamic field of research. Therefore
there are a lot of interesting topics open for further work, which can be derived from
the results of this contribution: Bit and power loading for coded MIMO systems are
of great practical interest as demonstrated in [3] or [1]. Inaddition to the currently
very popular wireless MIMO systems, multiple-input multiple-output channels are
observed in a variety of transmission links and network parts. Currently, fixed
access networks are mainly constituted of multi-pair copper cables which contain a
number of wire pairs. These copper cables then by their nature compose a MIMO
channel. Cables or cable binders can be treated as MIMO channels and crosstalk
relations are taken into account for example by crosstalk equalization schemes [23]
and they are exploited in the case of dynamic spectrum management (DSM) [24,
25], which is currently gaining a growing practical interest. Crosstalk in multi-pair
copper cables has long been seen as a possible application for MIMO techniques
[26].

Another important type of a fixed network medium is the optical fibre, where
single- and multi-mode fibres are distinguished. In particular optical multi-mode
fibres guide light of different modes: Therefore the multi-mode fibre can be inter-
preted as a MIMO channel. This is rarely discussed in the literature, since in almost
all relevant transmission cases nowadays single-mode fibres are deployed due to
their superior transmission performance. However, in caseof fibre deployment over
short distances (e. g. in-house networks for high data rates) the multi-mode fibre
technology eventually may become more popular again (due tothe cost advantages
of the multi-mode fibre and the associated components compared to single-mode
fibres and optical components). If in case of practical relevance – in particular in
the optical fibre case – results from the currently very dynamic research on wire-



180 A. Ahrens and C. Lange:

less and wireline MIMO (DSM) techniques can be adopted and adapted to the fixed
optical line problems, synergy effects and considerable improvements are expected.
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no. 1, pp. 51–61, 2007.

[14] I. Kalet, “Optimization of Linearly Equalized QAM,”IEEE Transactions on Com-
munications, vol. 35, no. 11, pp. 1234–1236, Nov. 1987.

[15] J. G. Proakis,Digital Communications. Boston: McGraw-Hill, 2000.

[16] G. D. Forney, R. G. Gallager, G. R. Lang, F. M. Longstaff,and S. U. Qureshi, “Ef-
ficient Modulation for Band-Limited Channels,”IEEE Journal on Selected Areas in
Communications, vol. 2, no. 5, pp. 632–647, 1984.

[17] I. Kalet, “The Multitone Channel.”IEEE Transactions on Communications, vol. 37,
no. 2, pp. 119–124, Feb. 1989.

[18] L. Hanzo and T. Keller,OFDM and MC-CDMA. New York: Jon Wiley & Sons,
2006.

[19] T. Hunziker and D. Dahlhaus, “Optimal Power Adaptationfor OFDM Systems with
Ideal Bit-Interleaving and Hard-Decision Decoding.” inIEEE International Confer-
ence on Communications (ICC), vol. 1, Anchorage, Alaska (USA), May 2003, pp.
3392–3397.

[20] D. P. Palomar, J. M. Cioffi, and M. A. Lagunas, “Joint Tx-Rx Beamforming Design
for Multicarrier MIMO Channels: A Unified Framework for Convex Optimization.”
IEEE Transactions on Signal Processing, vol. 51, no. 9, pp. 2381–2401, Sept. 2003.

[21] C. Mutti and P. Dahlhaus, “Adaptive Power Loading for Multiple-Input Multiple-
Output OFDM Systems with Perfect Channel State Information,” in Joint COST
273/284 Workshop on Antennas and Related System Aspects in Wireless Commu-
nications, Gothenburg, June 2004, pp. 93–98.

[22] R. M. Corless, G. H. Gonnet, D. E. G. Hare, D. J. Jeffrey, and D. E. Knuth, “On the
Lambert W Function,”Advances in Computational Mathematics, vol. 5, pp. 329–359,
1996.

[23] C. Lange and A. Ahrens, “Far-End Crosstalk Equalization in Multi-Pair Symmetric
Copper Cable Transmission.” inInternational Conference on Advances in the Inter-
net, Processing, Systems, and Interdisciplinary Research(IPSI), Pescara, Italy, July
26/Aug. 2, 2005.

[24] K. J. Kerpez, “DSL Spectrum Management Standard.”IEEE Communications Mag-
azine, pp. 116–123, Nov. 2002.

[25] J. M. Cioffi and M. Mohseni, “Dynamic Spectrum Management - A methodology for
providing significantly higher broadband capacity to the users,” Telektronikk, no. 4,
pp. 126–137, 2004.

[26] W. van Etten, “An Optimum Linear Receiver for Multiple Channel Digital Transmis-
sion Systems,”IEEE Transactions on Communications, vol. 23, no. 8, pp. 828–834,
1975.


