FACTA UNIVERSITATIS (NIS)
SER.: ELEC. ENERG. vol. 21, no. 2, August 2008, 167-181

M odulation-M ode and Power Assignment in
SVD-Equalized MIMO Systems

Andreas Ahrensand Christoph Lange

Dedicated to Prof. Reiner Rockmann on occasion of his 70thdag

Abstract: Existing bit loading and transmit power allocation techrgg are often
optimized for maintaining both a fixed transmit power and adixarget bit-error rate
while attempting to maximize the overall data-rate. Howgeglelay-critical real-time
interactive applications, such as voice or video transimissnay require a fixed data
rate. In this contribution the number of activated layersimultiple input multiple
output (MIMO) system and the number of bits per symbol aloiity the appropriate
allocation of the transmit power are jointly optimized unttee constraint of a given
fixed data throughput. Our results show that in order to aghilee best bit-error rate,
not necessarily all MIMO layers have to be activated.

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

1 Introduction

DAPTIVE MODULATION (AM) is a promising technigue to increase the spec-
tral efficiency of wireless transmission systems by adagptie signal param-
eters, such as modulation constellation or transmit poslygramically to changing
channel conditions [4]. However, in order to comply with themand on increas-
ing available data rates in particular in wireless techg@as, systems with multiple
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transmit and receive antennas, also called MIMO system#ifrieuinput multiple
output), have become indispensable and can be consideaeeasential part of in-
creasing both the achievable capacity and integrity ofrfeugenerations of wireless
systems [5, 6]. In general, the most beneficial choice of tmber of bits per sym-
bol and the appropriate allocation of the transmit powegrtdfcertain degree of de-
sign freedom, which substantially affects the performanfcélIMO systems. The
well-known water-filling technique is virtually synonymswith adaptive modula-
tion [7, 8,9, 10, 11, 4] and it is used for maximizing the oVledata rate. However,
delay-critical applications, such as voice or streamirggitransmissions, may re-
quire a certain fixed data rate. For these fixed-rate apfoitsiit is desirable to
design algorithms, which minimize the bit-error rate (BER)a given fixed data
rate. Assuming perfect channel state information at thestratter side, the chan-
nel capacity can only be achieved by using water-pouringgmares. However,
in practical application only finite and discrete rates asegible. Therefore in this
contribution the efficiency of fixed transmission modes isdgd. Against this
background, the novel contribution of this paper is that ednstrate the benefits
of amalgamating a suitable choice of activated MIMO layeis mumber of bits per
symbol with the appropriate allocation of the transmit poweder the constraint
of a given data throughput.

The remaining part of this paper is organized as follows:ti8e@ introduces
the system model and the considered quality criteria. Tlopgeed solutions of
adaptive bit and power allocation are discussed in sectiomhBe the associated
performance results are presented and interpreted irogegti Section 5 provides
some concluding remarks and finally, a short outlook on @giéng topics for fur-
ther work is given in section 6.

2 SDM MIMO Model and Quality Criteria

When considering a non-frequency selective SDM (spacssidivimultiplexing)
MIMO link composed ofiir transmit anchg receive antennas, the system is mod-
elled by

u=H.c+w. 1)

In (1), uis the(ng x 1) received vectore is the (ny x 1) transmitted signal vector
containing the complex input symbols awds the (nr x 1) vector of the additive,
white Gaussian noise (AWGN) having a variancéJéffor both the real and imag-
inary parts. Furthermore, we assume that the coefficientiseding x nr) channel

matrix H are independently Rayleigh distributed with equal vargaand that the
number of transmit antennag equals the number of receive antenmas The

interference between the different antenna’s data streatnish is introduced by
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the non-diagonal channel matik, requires appropriate signal processing strate-
gies. Common strategies for separating the data streaniseae equalization at
the receiver side or linear pre-equalization at the tratiemside, if channel state
information is available. Unfortunately, linear equatipa suffers from noise en-
hancement and linear pre-equalization of the transmitgifyjom an increase in the
transmit power. Both schemes only offer poor power efficjeritherefore, other
signal processing strategies have attracted a lot of isiteenother popular tech-
nique is based on the singular value decomposition (SVO)dfithe system matrix
H, which can be written ad = S-V -D", whereSandD" are unitary matrices and
V is a real-valued diagonal matrix of the positive squaregaidtthe eigenvalues
of the matrixH"H sorted in descending orderThe SDM MIMO data vectoc is
now multiplied by the matriyD before transmission. In turn, the receiver multiplies
the received vectan by the matrixS™. Thereby neither the transmit power nor the
noise power is enhanced. The overall transmission relstipns defined as

y=S'"H-D-c+w)=V.c+W. 2)

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

In general, the quality of data transmission can be infolyredsessed by using
the signal-to-noise ratio (SNR) at the detector’s inputrdefiby the half vertical
eye opening and the noise power per quadrature componerrdaag to

_(Half vertical eye opening  (Ua)?

Noise Power (Ur)? ’

®3)

which is often used as a quality parameter [13]. The relatign between the
signal-to-noise ratip = U2 /U2 and the bit-error probability evaluated for AWGN
channels ani-ary Quadrature Amplitude Modulation (QAM) is given by [115]

(o)D)

When applying the proposed system structure, the SVD-bagedlization leads
to different eye openings per activated MIMO layeand per transmitted symbol

block k according to
Ug’k) =1/&k-Use , %)

whereUs, denotes the half-level transmit amplitude assumifigary QAM and
V/ €k represents the positive square roots of the eigenvaludseamtatrixH™ H

1The transpose and conjugate transpose (HermitiaR)ase denoted bpT andD™, respectively.
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Fig. 1. Resulting system model per MIMO layeand transmitted data blodk

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

(k)2
Ua Us/)?
p<“>=—< uz) e, B (6)

R R

Considering QAM constellations, the average transmit pdveper MIMO layer
¢ may be expressed as [16, 17]

202 M- 1) . @)

PSZZ 3

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

3 P
(ek) _ 2 s 8

Using the parallel transmission over< min(nr,ng) MIMO layers, the overall
mean transmit power becomBs= z'gzl Ps¢, where the number of readily separa-
ble layers is limited by min(nr,ng). In order to transmit at a fixed data rate while
maintaining the best possible integrity, i. e. bit-erraeraan appropriate number of
MIMO layers has to be used, which depends on the specificrtias®n mode, as
detailed in Tab. 1. In general, the BER per SDM MIMO data veid@ominated
by the specific transmission mode and the characteristidtheokingular values,
resulting in different BERs for the different QAM configui@is in Tab. 1. An
optimized adaptive scheme would now use the particulasinégsion mode that
results in the lowest BER for each SDM MIMO data vector. Thizuld lead to
different transmission modes for different SDM MIMO datecters and a mod-
erate signaling overhead would result. However, in ordeettuce the signalling
overhead further, fixed transmission modes are used in ¢imibution regardless
of the channel quality. The bit-error probability per MIM@yler¢ and transmitted

2|t is worth noting that with the aid of powerful non-linearaxévlaximum Likelihood (ML) sphere
decoders it is possible to separatge> nt number of layers [18].



Modulation-Mode and Power Assignment in SVD-equalized KDI8ystems171

Table 1. Investigated transmission modes

throughput layer1l layer2 layer3 layer4

8 bit/s/Hz 256 0 0 0
8 bit/s/Hz 64 4 0 0
8 bit/gHz 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/sHz 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]

N
Ptk — 72 (1 ‘/M_(> erfc Stk Ysr . 9)
BER ™ log,(My) 2 Ug

The resulting average bit-error probability per transedtsymbol bloclk assuming
different QAM constellation sizes per activated MIMO layesults in

(k)
Pegr = L 1|092 [Z log, (M) B BER . (10)
When considering time-variant channel conditions, rathean an AWGN chan-
nel, the BER can be derived by considering the differentsiraission block SNRs.
Assuming that the transmit power is uniformly distributecenthe number of ac-
tivated MIMO layers, i.e.Ps, = Ps/L, the half-level transmit amplitudgs, per
activated MIMO layer results in

3Ps

Ugp=/=—> .
ST\ 2L(M, - 1)

(11)
The signal-to-noise ratio per data blocknd MIMO-layer/, defined in (6), results
together with (11) in

3 3 Es

:E&km =&k LMD No

(12)
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Fig. 2. Resulting system model per MIMO layérand transmitted data
block k including MIMO-layer PA

with
Ps Es

U2 Noj2
The BER per activated MIMO layérand transmitted symbol blodkis given by:

(13)

_ 1
pltk) _ 2 (1 ¢M7> erfc 3k Es (14)
BER |092(|\/|[) 2L (M[ — 1) No ’

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

L
0 _2 _1 _ 3k B
Paer = = /; (1 M£> erfc( LMD No | (15)
with
L
R=" log,M, . (16)
P

describing the number of transmitted bits per data block.

3 Adaptive Power Allocation

In systems, where channel state information is availableeatransmitter side, the
knowledge about how the symbols are attenuated by the chaandbe used to
adapt the transmit parameters. Power allocation can be taskdlance the bit-
error probabilities in the activated MIMO layers. Adaptivewer Allocation (PA)
has been widely investigated in the literature [7, 8, 11,183,20]. The BER of the
uncoded MIMO system is dominated by the specific layer hathegmallest SNR.
As a remedy, a MIMO transmit PA scheme is required for miningzhe overall
BER under the constraint of a limited total MIMO transmit pawThe proposed
PA scheme scales the half-level transmit amplitudeof the /th MIMO layer by
the factor, /pyk. This results in a transmit amplitude 0f, , /p;k for each QAM
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symbol of the MIMO transmit data vector (Fig. 2). Applying MO-layer PA, the
half vertical eye opening per MIMO layérand data block becomes

Up(fik) = /Pek-\/&ek-Use (17)
Now the signal-to-noise ratio, defined in (12), is changed to
2
U(£7k))
() _ (U oS8 Bk
Ppa = U,% = Prk LM —D)No kP . (18)

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

1
plil) 2 (1_ \/—Mﬁ) erfc 3pekéek  Es (19)
BERPA™" " log,(My) 2L(M;—1) Ng |

Finally, the BER per data block results in

3prkérk E) (20)

L
(K) 2 1
P = — 1-—— |erf L
BERPA Rg]_( ,—M£> e C( ZL(M[—]_) NO

The aim of the forthcoming discussions is now the deternonatf the values
\/Pek for the activated MIMO layers.

3.1 Optimum power allocation

A common strategy is to use the Lagrange multiplier methodrier to find the
optimal value of, /pyx for each MIMO layer/ and data bloclk. The Lagrangian
cost functionJ(pak,- - , pLk) Mmay be expressed as

_2¢ 1 3prk- &k Es
J(ka,"',pL,k)—ﬁgl<1—\/—M—£> erfC( 2L(Mi—1) No +ABL, (21)

whereA is the Lagrange multiplier [11]. The paramet&r in (21) describes the
boundary condition taking the transmit power restrictiotoiaccount. The transmit
power per activated MIMO layet and data block including PA results in

Ik 2
PF(vis) = guszz Pex (M —1) . (22)
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With the half-level transmit amplitudds, defined in (11), the transmit power per
activated MIMO layer is given by

1k P
Poas = Pk - (23)
From the limitation of the transmit power according to
= L0k
; Pras —Ps=0 (24)
=1
follows
RS Prk—Ps=0 (25)
T Wk — Fs= .
pX

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

L
BLZZP&k—L:O- (26)
=]

As solution for the power allocation paramefgl per activated MIMO layef and
data blockk the relationship

(B 'Lme—1) (18 &k Es\®
Peje = (N_o> 3&ik W (F <)\ RL(M;+ /M) N_0> ’ @

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

W(x)-eV™ =x . (28)

The parameteh can be calculated by insertion of (27) into (26) and numenmi-a
ysis. With calculated the optimalp, x can be determined using (27).

3.2 Equal-SNR power allocation

Again, a common strategy is to use the Lagrange multipliethot in order to
find the optimal value of /p;x for each MIMO layer/ and each data block,
which often leads to excessive-complexity optimizatioobpems [13]. Therefore,
suboptimal power allocation strategies having a lower dexity are of common
interest [13, 11]. A natural choice is to opt for a PA schembicl results in an
identical signal-to-noise ratio

(k) )2
(k) (UPAequaD (€K

Ppaequal™ U% =Pek-P (29)
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for all activated MIMO layers per data blogki. e. in
pé,ﬁ‘;)qualz constant /=1,2,--- L . (30)

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

My,—1 L
pac= | (31)
'k (My—1)
V=1 Ev,k

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

0k /
UF(’Ae)quaI: VPrk-\/€ex-Use = (32)

can be guaranteed £ 1,--- ,L),i.e.,
Ulk  — constant = 1.2---,L. (33)

PAequal —

When assuming an identical detector input noise variancedoh channel output
symbol, the above-mentioned equal quality scenario (3@)é®untered, i. e.,

R )2
Pmk) B (UPAequaD B E 3 (34)
PAequal — U}% - NO L (My—1) :
VZl Ev.k

Analyzing (34) for a given SDM MIMO data block, nearly the saBER can be
achieved on all activated MIMO layer. However, taking thmedivariant nature
of the transmission channel into account, different BERseafor different SDM
MIMO data blocks. Therefore, the BER of the MIMO system is mhadominated
by the data blocks having the lowest SNR's. In order to ovaedhis problem,
the number of transmit or receive antennas has to be inate@ssoding over the
different data blocks should be used [3].

4 Results

In this contribution fixed transmission modes are used digss of the channel
quality. Assuming predefined transmission modes, a fixeal @& can be guaran-
teed. The obtained BER curves are depicted in Fig. 3— 5 fodiffierent QAM
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constellation sizes and MIMO configurations of Tab. 1, whemgmitting at a
bandwidth efficiency of 12 and 8 bit/s/Hz, respectively Assuming a uniform

bit-error rate —
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Fig. 3. BER with PA (dotted line) and without PA (solid linehen using the transmission modes
introduced in Tab. 1 and transmitting 12 bit/s/Hz over naegtiency selective channels
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Fig. 4. BER with PA (dotted line) and without PA (solid linehen using the transmission modes
introduced in Tab. 1 and transmitting 12 bit/s/Hz over naegtiency selective channels

distribution of the transmit power over the number of ade@eaMIMO layers, it

3The expression Ig) is considered to be the short form of lgg: ).
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turns out that not all MIMO layers have to be activated in otdeachieve the best
BERs. More explicitly, our goal is to find that specific comddion of the QAM
mode and the number of MIMO layers, which gives the best ps8ER perfor-
mance at a given fixed bit/s/Hz bandwidth efficiency. HyeNo value required by
each scheme at BER 1Hwas extracted from Fig. 3— 5 and the best systems are
shown in bold in Tab. 1.
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Fig. 5. BER with PA (dotted line) and without PA (solid linehen using the transmission modes
introduced in Tab. 1 and transmitting 8 bit/s/Hz over naggfrency selective channels

Allowing a low signaling overhead, an adaptive choice of tfesmission
modes can be carried out. Since the BER per SDM MIMO data hdomi-
nated by the chosen transmission mode and the distribufidresingular values,
the different transmission modes, as depicted in Tab. 4 tealifferent BERs
per SDM MIMO data block. An adaptive modulation scheme wadd/ use the
specific transmission mode that results in the lowest BERJp& block. As de-
picted in Fig. 6, the adaptive choice of the transmission enodtperforms the
fixed modes at the cost of a small signaling overhead.

Further improvements are possible by taking the adaptilecation of the
transmit power into account. The differences between thienapand the subopti-
mal equal SNR PA as highlighted in Fig. 7 and show a negligleléormance gap
between the optimal and the equal SNR PA. The only differdmteveen the opti-
mum PA and the equal SNR PA is the consideration of the fgdterl/\/M,) by
the optimum PA. However, their influence, introduced by #iyel-specific QAM
constellation sizes, is by far too small to generate rentdekdifferences in the
performance. Furthermore, from Fig. 3—5 we see that undefua only effective
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Fig. 6. BER with PA (dotted line) and without PA (solid linehen using the transmission modes
(TM) introduced in Tab. 1 and transmitting 8 bit/s/Hz ovenrieequency selective channely &

adaptive choice of the transmission mode)
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Fig. 7. Different PA solutions on an exemplarily consideodnnel ( =2, M1 =64, My =4,&; =
1.8,¢> = 0.6) when transmitting 8 bit/s/Hz over a non-frequency séteathannel

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

Bit and power loading in MIMO systems were investigated. uihed out, that
the choice of the number of bits per symbol as well as the nurabactivated
MIMO layer substantially affects the performance of a MIM@t®m, suggesting
that not all MIMO layers have to be activated in order to achithe best BERSs. In
particular, different power allocation options were preasel. The main goal was to
find that specific combination of the QAM mode and the numbeévidfiO layers,
which gives the best possible BER performance at a given biéxiHz bandwidth
efficiency. TheEs/Ng value required by each scheme at BER4@as extracted
from computer simulations and the best systems are showoidnitb Tab. 1.

6 Outlook

Wireless MIMO systems currently are a very dynamic field siel@ch. Therefore
there are a lot of interesting topics open for further workjetr can be derived from
the results of this contribution: Bit and power loading foded MIMO systems are
of great practical interest as demonstrated in [3] or [1]adidition to the currently
very popular wireless MIMO systems, multiple-input mulégoutput channels are
observed in a variety of transmission links and network par€urrently, fixed
access networks are mainly constituted of multi-pair cojgpéles which contain a
number of wire pairs. These copper cables then by their eatompose a MIMO
channel. Cables or cable binders can be treated as MIMO elsaand crosstalk
relations are taken into account for example by crosstallakzpation schemes [23]
and they are exploited in the case of dynamic spectrum mamagte(DSM) [24,
25], which is currently gaining a growing practical intereSrosstalk in multi-pair
copper cables has long been seen as a possible applicatibfiNtgD techniques
[26].

Another important type of a fixed network medium is the optidare, where
single- and multi-mode fibres are distinguished. In palticoptical multi-mode
fibres guide light of different modes: Therefore the mulibehe fibre can be inter-
preted as a MIMO channel. This is rarely discussed in thelitee, since in almost
all relevant transmission cases nowadays single-modesféme deployed due to
their superior transmission performance. However, in ca$iére deployment over
short distances (e.g. in-house networks for high data)réibesmulti-mode fibre
technology eventually may become more popular again (dtletoost advantages
of the multi-mode fibre and the associated components cadgarsingle-mode
fibres and optical components). If in case of practical i@hee — in particular in
the optical fibre case — results from the currently very dyitarsearch on wire-
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less and wireline MIMO (DSM) techniques can be adopted aagtad to the fixed
optical line problems, synergy effects and considerablgavements are expected.
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