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Abstract— This paper describes the "Water-Pouring" optimize the transmitted bit rate and approactctienel
solution for wide-band multitone version of the capacity. Adaptive bit and power allocation alduris
Vertical Bell Labs Layered Space-Time (V-BLAST) [11] were shown to achieve efficient use of the tawa
architecture. It is shown that the multitone concep pouring” solution in wireline ADSL and VDSL systems.
may be combined with the Multiple-Input-Multiple- In [1,12,13,18], the channel capacity for the MIMO
Output (MIMO) V-BLAST concept for use on a system has been analyzed and discussed. Raleigh and
frequency-selective channel. We present an optimal Cioffi [7] have developed a coding structure thetiiaves
power and bit loading algorithm which attempts to the capacity and a technique that approaches this
optimize the system performance by enhancing either structure.

the data rate or the QoS (error rate), while keepig Few works have considered the usage of V-BLAST in
the other fixed. In both methods, a power constrain MIMO-OFDM systems. Adaptive modulation for such
exists. Simulation results of the proposed systenrmd systems has been presented by Ng et al [14]. Thik wo
algorithm show that adaptive loading enables effieint assessed the maximum margin concept only. Meiri and
and reliable communication even with low SNRs. It Kalet [8,15,16] have developed an adaptive loading
also shows significant improvement in both methods algorithm for the Wide-Band Multitone version of V-
as compared to a basic OFDM V-BLAST system, BLAST for both maximum rate and maximum margin
which has no a-priori knowledge of the channel criteria.

characteristics. For example, a system with four In this paper we present adaptive loading algosthm
transmitters and receivers that uses a 256 multitom that optimize either the data rate or the margimogkn
symbol doubles the nominal bit rate at SNR of 33dB also as Quality of Service (QoS) maximization), evhi
(for maximum bit rate) and achieves a gain of 19dBt keeping the other fixed. In both methods, a power
BER of 2x10” (for maximum QoS). constraint exists. Both optimization problems resnl
(different) power and bit allocations, i.e. each-shannel
carries a different amount of data and transmittetth
different power. For the maximum margin approack, w
show that for an equal number of antennas on hid#ss

of the link, this algorithm results in improvemeat

Index Terms—fading channels, multi-input-multi-
output (MIMO) systems, orthogonal frequency
division multiplexing (OFDM), wireless
communications.

I INTRODUCTION several dBs for BERs a0 and 107 compared to a
MIMO system with the best performance that has no

The demand for high data rate communicatioghannel knowledge at the transmitter, irrespectivéhe
systems, and the lack of available bandwidth hdstde number of antennas. For the maximum bit rate, we
much research effort into MIMO systems using migtip investigate two types of error constraints: (apéberror
transmit and receive antennas. It was shown intfjaj rate for all SNRs and (b) error rate figures ofypidal
MIMO systems can improve the capacity of richOFDM V-BLAST system having the same system
scattering Rayleigh fading channels, by a factoictviis ~ Parameters (and that does not use adaptive loadihg)
linearly proportional to the minimum of the numinéthe ~ first constraint results in a practical system that
transmit and receive antennas. The V-BLAST [2jmplements the Multi-Tone-Multi-Antenna (MTMA)
architecture has been proposed for realizing hjgttisal t€chnique [8].  The second one maximizes the
efficiencies over flat Rayleigh fading indoor wiges Communication efficiency of any given system. Wewh
channels. Turbo coding in V-BLAST systems wadhat for an equal number of antennas on both sifiéise
proposed in [17]. link, and a fixed error rate constraint, using #uaptive

Multitone transmission [3,4], or OFDM, has beenduseloading algorithm enables efficient and reliable
in a number of wireline and wireless systems. OFDMOMmMunication in low SNRs, compared to MIMO
eliminates the need of a complex equalizer (in lege Systems with the best performance which has norefian
systems) for overcoming ISI caused by delay spaad knovyledge at the transmitter. For the case whiehetlis a
frequency-selective fading. However, in [3,4] it sva NOMinal error rate constraint, we show that at &R
shown that for a single-input-single-output (SIS@3tem Values the system more then doubles the bit rate.
which operates over a frequency-selective chariingéle The paper is organized as follows: Section 2 dessrib
transmitter “knows” the channel characteristicse ththe system and channel model, Section 3 descrles t

“water-pouring* multitone (MT) technique can be used V-BLAST system, Section 4 presents the wideband
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multitone version of V-BLAST including the adaptivi b

and power allocation algorithm. Section 5 gives the YK; :WKiTri (2e)
simulation results and Section 6 presents a sumuanzaly
conclusions. §Ki = slice(y; ) 2h
II. SYSTEM AND CHANNEL MODEL R
_ o _ e =1 =S¢, (H) (29)
A single data stream is split into multiple subeatns
that are transmitted simultaneously from an arrdy o _
collocated M antennas. All the sub-streams occungy t Hip =Hip- oh
same (and the entire) bandwidth, and have the same =Hy. = zerog],N) (2h)
symbol duration. The sum of the powers of all the '
transmitters is constrained. There are N>(M) receiving Gy = pinv(H) o
antennas. The complex terrrhij (t) represents the +1= P (20
independent channel impulse response (with a Reylei . 2
distributed amplitude) for the signas (t), transmitted Kisg = jg{rglmlg}ﬂ(Gm)jH (2)
K
from the ith antenna, and received by the jth remei
antenna. Accordingly, the complex valued sigrfql(t), i=i+1 (2k)

received at receiver j is given b . . . .
1159 y where H is the channel matrix of size MxN, w is the

M nulling operator, r the received vector, y the nezes
r(t) = Z h, () Os (t) +n, (t) (1) estimate, i the index of the transmitted signalt tisa
=1 subject to the current detection, akqd is a permutation

where * stands for convolutiod,.JL.M, jO1.Nand of i and refers to the optimal detection ordering. eSlic
operation implements the maximum likelihood (ML)
Dsymbol decoding,zeros(1,N)is a vector of length N

of N, /2 watts/Hz. The channel frequency response maynose elements have zero value, @ is the pseudo
inverse operator.

n; (t) is a zero-mean complex AWGN signal, with PS

be flat, or frequency-selective (if the channefats from
ISI [5]). It is assumed that the receiver has mrédannel
knowledge. This may be the case for a slowly-chanpgin
mobile channel.

IV. A W IDEBAND MULTITONE VERSION
OF V-BLAST

In the Multi-Carrier Modulation (MCM) technique
[3,4] a wideband signal is composed of many narawd
QAM signals (“tones” or "frequency-bins"). Hencach
individual tone sees an essentially frequency-nieatee
channel, and a simple one-tap equalizer can nutigy
channel frequency distortion. MCM can also be used

detection according to the optimal detection rule), the system defined in Section Two, and accordinaéy

. . many narrowband received MIMO signals can be
Cancellation of the previously detected symbols. Th(?ecoded using V-BLAST. A base-band diagram of this
order of detection is significant and there is gutiroal |

. is sh in Fi 1.
ordering rule. system iIs shown In Figure

I1l. V-BLAST OVERVIEW

The MIMO V-BLAST system [2] has been used in
frequency-nonselective channels. The received sicaral
sequentially decoded using three steps: (a) Nulthg
interference from the yet undetected symbols, gmisl

The Zero-Forcing V-BLAST algorithm [2] is IDFT
described below: —
a. Initialization Symbols :

Source Encoder
i=1 (2a) .
NS —
- H Transmitter ¥
Gl - pan(H) (Zb) Channel :_ ''''''''''''''' Channel
Information , _:
o 2 o e
o e il (2¢)
. i
. Destination ?))g::g; '
b. Recursion :
: : N
WKi = (Gi)Ki (Zd) L-DFT CPr

Receiver

Fig. 1. Block diagram of multitone version of VAZT.
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~ This is an extension of the Discrete Multitone (DMT \yhere P, (€) is the symbol error probability2 < K < 4
implementation [11] of the multitone system used in o ) )
ADSL and VDSL. There are L sub-channels in each 1@nd Q™ is the inverse of the Q-function.
DFT and L-IDFT. The CP blocks at the transmitted an De-Souza [9] proved that a given allocation is an
the receiver represent the introduction and remof/éhe  optimal solution to the problems above if and diflgny
cyclic prefix, respectively. change in the allocation does not require lesssimtted

If the transmitter has no channel knowledge, thenergy ("Efficiency”) and all resources (power fthe
MCM technique becomes a simple OFDM system imaximum bit rate, and bit rate for the maximum QoS
which the same modulation is used at each traniemitt criterions) are exploited ("Tightness").
antenna in each frequency. The total error ratedsame For QAM, f(b) is a convex, increasing function bf
as that of V-BLAST over a frequency-nonselectivavith f(0)=0. Hence, the loading algorithm that "puts every
channel. increment of the transmitted power where it is most

Knowledge of the channel characteristics at theffective" results in an efficient allocation [9].
transmitter(s) enables the transmitter(s) to adiuet In V-BLAST each symbol is decoded separately: The
transmitted signal to the channel characteristicsuich a symbols that have previously been decoded aredsirea
way that the system performance will be improvedde T cancelled, and the symbols that have not beentdetget
improvement can be manifested by enhancing either tare seen as interferers and are nulled out. Thigekus
data rate or the QoS (error rate) while keepingatier with a single symbol, which is ML decoded. The othe
constant. These are the solutions of the followingymbols (out of M symbols) are also decoded, irrthe
problems: turn. The conclusion from the above is that theveaity

«  The maximum bit rate optimization problem: of f(b) holds also in the spatial dimension imposgdv-

L M BLAST, and hence an optimal allocation can be redch
R= max ZZb,m as before.
bmiUD 1 01 In order to maintain the required error rate or GbdS
under the total power constraint: the receiver, the transmit power allocated to the dub-
LM carrier of the m-th transmitting antenna must bgaé¢p
Z I:’m,l =4 I:’Total Pm,l = Gm,l (H ) f (bm.l ) (4)
1=1 m=1

«  The maximum QoS optimization problem: where G is a function of the channel and impleméms
Y reciprocal of the corresponding channel energy .gain
Protal = bm?Dz 1pm’| Recalling the V-BLAST, G can be given by:

1=1 m= 2
under the constant bit rate constraint: Gy (H) = "WmJ " )
R= : ib where W,,,, for an arbitrary subcarrier index | is given in
= . :
=1 m=1 (2d). Note that for SISO system,), become$/ [

whereb, andF,, are the number of bits and the power As the power needed to transmit a certain number of
allocated for then-th antennas at thieth frequency-bin, bits in a single sub-channel (out of tHd xL sub-
respectively. D is the set of all possible valuesyg . It channels) is independent of the number of bitscatied

is important to note that even though the last jerobis {0 Other sub-channels, assigning one bit one ahe to
formulated to minimize the overall transmit power & the sub-carrier that requires the least additiquoater is
given QoS requirement, the same solution can bieapp "€fficient”. The bit allocation process will be cptated

to maximize the QoS for a given overall transmiwpa  When all power is allocated, for the maximum bitera
This can simply be achieved by increasing the pow&PProach, or when all R bits are assigned for the
proportionally for all sub-carriers, while usingetsame Maximum QoS approach and hence the allocation is
set 0f{bm|}mit|—1 [6]. "tight". The suggested algorithm is given by:

In the following, we present an optimal adaptive biStlir())?e?/érrmIgﬂEit::rrr‘ier m. and every transmitter |
and power allocation algorithm. It is a practicaywto y ' y !

implement the MTMA technique [8] and to optimizesth by =0, P, =0 (6a)
system performance under the two criterias givervab ' '
Let f(b) denote the single sub-channel required receiveédtep b — Bit and Power Assignment Iterations

power (in energy per symbol time) needed for rédiab ML
reception ofb information bits per symbol with a unity While zz P S Prog (for maximum bit rate)
channel gain. For a square QAM constellatif(b), is m=1 =1
given by [5]: or

b M L

f(b) C{Q( er(e))}2 (2 —31)N0 3) While ;lzzl: b, # R (for maximum QoS)
For every sub-carrier | and every transmitter aman
m1
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_ In this case there is a single carrier, accordihgly in all
APy, (O +D = (6b) equations. If we take only one transmitter and ivece
2 M=1), the algorithm becomes the well known "greed
||me| " * [ Oy +2) = 1 (b )] ;Igori)thm" [9] ° ° ’
The loading algorithm described so far handles MIMO
{m, |‘} = argmin | AP, , (6c) Systems that operate over time invariant chann_els.
’ ’ Clearly, the same mechanism can be used over time-
varying channels. But considering the complexityttoeé

bar=bgitl (6d) loading algorithm, such a system might be imprattic
However, assuming that (a) the time variant chacaal
P.:=P. . +AP. - (66e) be divided into time slots in which the channel dsn
m, m, m,

considered as constant or time invariant, and i{a) the

channels corresponding to adjacent time slots pavial

Step ¢ — Finish correlation, it will be useful taking advantage tbfe

b ={b,}"t_ and P ={P, }"t _ are the bit and power extended "Efficientize" algorithm given in [8] and use
the previous allocation as an initialization foe tburrent
channel. Accordingly the bits allocated in everybsu

For the maximum QoS approach, after allocation ighannel will be increased or decreased at everstiba,

finished, the total power should be normalized toather than increased only when the initial allmoats

accommodate the power budget, as explained befoeero.

Also note that for the maximum QoS, the calculafion

(6b), can be replaced with a more convenient espRes V. SIMULATION RESULTS

allocation solution

AP (b, +1) :||Wm,| ||2* [2omI - 2Pmi ] (7) The following examples shows performance gain of
three systems: The first is required to transmit a
where w,,, is the m-th row of the pseudo-inverse of the lmaximum number of bits, with the symbol error rate
' constrained to be smaller or equal to 2X{Maximum bit
As in the V-BLAST reception scheme, the order @ th rate cri@erion). The secqnd system is requiredaDSm_it
. : ) 4096 bits per symbol with the best error rate (mmaxh
calculation of w,, for a given sub-channel is of 5,q criterion). The third system is required tongrait
importance. In the V-BLAST receiver the componenimaximum number of bits, with the symbol error rate
with the smallest post-detection signal to noiséora constrained to be smaller or equal to the symbok eate
(PDSNR) dominates the error performance of theesyst of the OFDM V-BLAST system. All the three systems
and thus choosing the symbol with best PDSNR &b eagse a 256 multitone symbol, and there are four
stage in the detection process leads to the giobptimal  transmitting and four receiving antennas. The symare
ordering [2]. Although the allocation algorithm &@no chosen from square QAM constellation and thus amev
acheive the same PDSNR for all received sub-channehumber of bits are Gray mapped onto the symbolshEa
optimal ordering at the allocation process showdibne simulation run assumes that the channel paraméders
in a similar manner to that of the V-BLAST receiverhat run are known at the receiver and at the mnitter
because the integer constraints result in diffeRIXENR  (when relevant). These parameters are sampled tliem
for two sub-channels allocated with the same nunalber Rayleigh distribution pertinent to the delay prefilThe
bits. Summarizing, the algorithm for calculatingeth profile we use for these examples is the DVB-T [10]
weight vectorw,,, for the Ith sub-carrier is a sub-sectionportable channel. The SNR figures at the absciasa,

of V-BLAST algorithm, obtained by using equationsrelat?v_e’ and are arbitrarily defined as followsach
(2a),(2b),(2¢),(2d),(2h),(2i),(2j) and (2K). receiving antenna receives the superimposed sfgoal
One of the properties of the V-BLAST system is tha@ll M transmitters. This signal has a power Bf per
it exploits the reception diversity in MIMO systemibere received symbol. Accordingly the received SNR @the
M <N to achieve high QoS performance. Note that thentenna) is defined asSNR=10log,,2P,/N,. The
algorithm will inherently_ achigve r_esults that @eual or  glation between the total transmitted energy anel t
better than any reception diversity system Mtk N, received energy is given I8y = P /E(r)2 where r is a
since this solution is a subset of the solutiorcepat the : o e T
algorithm we propose. Rayleigh distributed random variableR, is divided
The algorithm is optimal also for bit and poweretween the M transmitters over the L frequencysbin
allocation in a MIMO system in whictM <N . Note, The graphs below were obtained by averaging thatses
however, that the calculation défb) changes since the over many channel realizations.
required energy for receiving bits gets smaller because  Figure 2 refers to the first example (maximum rte
of the diversity enhancement. Naturally, as thdoratconstant error rate constraint) and shows two curvae
between N and M gets larger, the improvement aelievfirst is for equal bit and power allocation and firesd
by the loading will get smaller, because of thercte error rate constraint. The second shows resultsotor
averaging effect. adaptive loading algorithm. In this case the nundjdaits
The algorithm is optimal also for V-BLAST systemsper antenna per tone varies from zero to eight, thed
that operate over frequency non-selective fadiranokl. €energy per tone is also variable. The optimizediltes

th sub-channel matrix.
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show significant improvement, compared to the fieste.
As expected from the water-pouring solution prapert
the smaller the SNR is, the greater the gain. As lua

without adaptive

loading is 30 dB. This system's
performance can be improved by our algorithm in two
senses: (a) lowering the required SNR by approxipat

seen, at SNR below 15 dB the system with no loadifi) dB (as demonstrated in Figure 3) or alternatiyb)

collapses. Adaptive loading, however,

enablesnhancing the bit-rate by approximately 1.75 tintes

communication in such conditions. Note also that fooriginal rate (as also shown in Figure 4). Moreo\ar

SNR of 30 dB the bit rate gain is approximately51.7

[ =— M=N=4without adaptive loading
| -5~ M=N=4with ad aptive loading

BITS PER TRAN SMITTER PER TONE

-10 -5 0 5 10 20 25 30 35 40

15
SNR [dB]
Fig. 2. Bits per transmitter per tone vs, SNR vdtid
without adaptive loading, with 256 multitone symoeér
a DVB-T channel, M=N=4p (e) = 2x10°.

SNR of 33dB one can have the same system perfoemanc
as an equivalent system with 8 transmitters and 8
receivers that does not use adaptive loading. It is
important to note that all the results of this gettare
achieved without coding.
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Figure 3 refers to the second example (maximuffig. 4. Potential bit rate gain vs, SNR with adept

QoS) and also shows two curves. The first is for-a

loading compared to OFDM V-BLAST with 4096 bits per

BLAST OFDM system with an equal bit and power256 multitone symbol over a DVB-T channel, M=N=4.

allocation: four bits per antenna per tone. Theosdc
shows results for our adaptive loading algorithmtHis
case the number of bits per antenna per tone viides
zero to eight, and the energy per tone is als@kbei The
optimized results show significant
compared to the first case. For example there aires @f
13 and 19 dB, respectively, at BERs of*1#nhd 2x1d".
Note also that the higher the SNR is, the greategain.

N=4without adaptive loading
N=4 adaptive loading

o

BER

5 10 15 20

SNR [dB]

Fig. 3. BER vs. SNR with and without adaptive ingd
for 4096 bits per 256 multitone symbol (constantdie)
at s MIMO system with M=N=4.

Figure 4 refers to the third example (maximum eite

25 30 35 40

OFDM V-BLAST error rate constraint) and we presenf2]

the potential bit rate gain vs. SNR. The systenedgiired
to have at any SNR the same symbol error rateacaofla

system that uses no adaptive loading (OFDM V-BLAST)

For example at BER=2x10-3, the required SNR inesyist

VI. SUMMARY AND CONCLUSIONS

We have presented an algorithm for adaptive bit and

improvementpower allocation in V-BLAST systems operating inyan

slow fading channel. The loading algorithm is ogtiror

a maximum bit rate criterion and for maximum QoS
(maximum margin) criterion. Simulations of this ®m
show significant improvement for both criteria: By
adopting the maximum rate approach it is possitilee

to achieve efficient and reliable communicationhaliw
SNRs (which is not achievable in the original V-BEA
system), or to increase the bit rate. By adoptihg t
maximum QoS approach the power margin is improved
with the SNR.
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