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ABSTRACT exponential effective SNR mapping (EESM) [4], which pre-

dicts the link PER as a Link Quality Indicator (LQI).
This article focuses on the physical layer abstraction afran Q y (LQh

thogonal frequency division multiplexing (OFDM) transmis The rest of the paper is organized as follows. QOSFBC is
sion link augmented with multiple transmit and receive ante introduced in section 2 and the corresponding effectivecha
nas. An existing link level modeling method, the so-called e nel representation is derived. Section 3 explains the badic
ponential effective SNR mapping (EESM), originally devel-EESM and the methodology to apply this mapping technique
oped for single-antenna transmissions, is extended toléandas a link to system level interface in the considered MIMO
the multi-array link enhancement. Simulative analysessav  OFDM system. In Section 4 simulation results are presented
tigate and validate the applicability of the proposed liekdl ~ assuming different channel conditions. Finally, condusi
modeling scheme to multi-antenna communications. Thare drawn in Section 5.

method provides an acceptably accurate link quality estima

tion and can be utilized in a system level simulator as a link

to system level interface. 2. LINK MODEL

The considered system represents a single user pointitb-po
1. INTRODUCTION MIMO OFDM link with np = 4 transmit andny = 4 re-

ceive antennas. The MIMO processing is carried out in the
System level evaluation of multi-array techniques is ofanaj subcarrier domain within subsets Bfsubcarriers. Rate-one
significance, since multiple-input multiple-output (MIMO QOSFBC with codeword length; = F' is employed.
performance gains which link level simulation promisesyma
not translate to equivalent gains at the system level. Tha-si
lation of a wireless cellular network involves, in genesake- E
narios of multiple stations and thus neccesitates a simpule a Y = \/ZGH +N,
efficient way of physical layer modeling of each individual nr

link. A link to system level interface is achieved, which is \yhere'y denotes théF x np) receive codeword matril
typically based on a prediction of the instantaneous link pe the (1, x nz) channel matrix with elements;;, andN the
formance such as the link Packet Error Ratio (PER). Congomplex(F x nz) white Gaussian noise (AWGN) matrix, re-
ventional PER pl‘ediCtion methods offer the average redeivespectiveb/. The average Signa' energﬂ§and noise energy

signal to noise ratio (SNR) as a link to system level metricis N,. G represents theF x ny) transmit matrix:
Several publications considering single-antenna maltiier

The signal model is defined like [3]:

1)

transmissions over frequency-selective channels revedl t x Zo Z3 24
this approach is suboptimum and correspondingly suggest ad D S S
vanced PER prediction schemes [1, 2]. G= T3 —x4 —T1 xo | 2)

* * P ek
The present work extends these investigations in the con- Ty F3 Ty T

text of MIMO OFDM systems based on quasi-orthogonal
space-frequency block coding (QOSFBC). Considered is one The channel matrix is assumed to be constant for a sub-
of the proposed single-antenna link modeling methods: thband of F' subcarriers, which is a general assumption in



space-frequency block coding. In addition, a temporalksloc
fading channel model is considered, i.e. the channel is as- 1L
sumed to remain constant for the duration of a packet. Vet = —1In N Z e 7, (8)
k=1
The information vectox = [z, z2, x5, 24]7 is gained . . . .
from a vectors = [sq, s2, 53, 34]T[ (:10nt2ain?ng4gomplgex con- Wherey, is the SNR expene_nced on theth su_bcarnerN IS
stellation symbols, according to the precoding scheme pr&-he to_tal number of subcarriers ang; is the mstantaneo_us
posed in [3]: effective SNR. The paramet@rdepends on the modulation
' and coding scheme (MCS), but does not rely on the channel
T 51 T sS4 type. Its value is to be optimized through link level simula-
o r sy |7 =T ) (3)  tionsto provide the best matching.

T4 53

The idea behind this compression is that the computged
should be approximately equal to the SNR,., that would
1 1 1 yield in an AWGN channel a PER equal to the actual instan-
{ ; } (4)  taneous PERIina frequency-selective channel, i.e.:

wherel is a unitary matrix:

PERAwaN (Vet)| ~ PERinst ({%}).  (9)

Block-diagonalizing and accounting for the pre-procegsin Yett A Yawgn
at the receiver (channel matched filtering and noise pre-
whitening), the system model of equation (1) reduces to th

following equivalent [3]:

ERawcN(SNR) is the PER vs. SNR curve for the AWGN
channel an®ER;yst ({71 }) is the actual PER for the instan-
taneous channel stafey, }. This means that the link error

w0 0 0 51 prediction algorithm depends only on the single instartase
Es| 0 wuw 0 0 $9 variablevy.¢ and thea-priori knowledge of the PER curve for
“Voaz |l 0 0 w0 4 +w, (3 the AWGN channel: the latter can be read at the effective
0 0 0 u s3 SNR valuey.g in order to predict the instantaneous PER.
H., Now the EESM algorithm, which is originally developed
and applicable for single-antenna systems, can be apgied a
wherey denotes th¢nr x 1) receive vector. Theterms =  a link to system level interface in the considered MIMO sys-
Vai +az andpus = /a1 — ay are a function solely of the tem based on QOSFBC. Using the channel state information
channel state, since: (CSI), the equivalent channel of each independent chaanel r
5 alization can be evaluated according to equation (5). Since
ar = [[Hl|p (6)  there is no interaction between the constellation symlbloés,
ng EESM can be directly applied to this effective channel.
ay = 25 (hi;hg + hihai). @) o _ o
i=1 Although initially derived for soft-decision Viterbi dede

The signals transmitted from different antennas are comnd the EESM formula in the form of equation (8) can also
pletely decoupled: the constellation symbols do not experibe applied for hard-decision decoders [S]. In the following
ence interference from each other and can be decoded ind&?/€SS otherwise stated, results of hard-decision Viteebi
pendently. The matrifL,, in equation (5) can be seen as c0ding are presented.
an equivalent channel per subbandrofsubcarriers, where
atermheqr = pin/Es/nr represents the effective scalar

transfer factor of thé-th subcarrier.
4, SSIMULATION RESULTS

The system under consideration is based on the IEEE 802.11a
standard, which is extended with 4x4 MIMO processing
based on QOSFBC; table 1 summarizes the most important
The exponential effective SNR mapping (EESM) has beer?yStem parameters. For evaluation the MIMO wireless LAN

proposed as a tool to model the single-input single-outpu?hannel models proposed in [6] are considered: multipath,

(SISO) OFDM link-level performance [4]. Many contribu- multicluster chapnels are generated, Atemporal blpcmgad
. . . . ) channel model is considered throughout this contributian.
tions show that this technique provides an accurate irestant

L subsection 4.1 simulation results are presented consgleri
neous PER estimation independent of the channel type. channels for which, in addition, block-fading in frequernsy

The following mapping function, which maps the set ofassumed. Subsection 4.2 deals with temporal block-fading
subcarrier SNR$~; } to a scalar.«, is offered [4]: frequency-selective channels.

3. EXPONENTIAL EFFECTIVE SNR MAPPING



Table 1. System Parameters 10 «
| Parameter | Value |
Bandwidth 20 MHz
Sampling period 50 ns
FFT size 64 o
Number of used subcarriers 48 u 107}
Guard interval 16 samples
Maximum path delay 0.8us e MIMO, samples
Bits per subcarrier used 1,2,4,6 < MIMO, mapped sample
Convolutional code (133,171y = = = MIMO, average ‘
Coding rate 3/4 e A
Packet size 432 bits -6 -3 0 B, /N03[ d8]
Antenna element spacing (BS,M$)0.5\ ‘

Fig. 1. Exponential Effective SNR Mapping in 4x4 QOSFBC for
QPSK modulation and code rei¢4: each instantaneous PER curve
(red) is mapped into an effective one (green). Perfect nmappi-

4.1. EESM performance for channels assuming block- curs when an effective point lies on the PER curve in a SISO AWG
fadingin frequency channel. 120 channel realizations [6] with frequency bitazking,

Bopt = 1.61.
The general premise in space-frequency block coding (SFBC)
is the assumption that the channel is constant over the subca

. . . . . o a) PER Prediction Using EESM: Mean Absolute Error = 0.248
riers on which the coding is performed, i.e. within a sub- ) ‘ ‘g ‘ ‘

band of F' subcarriers. In order to meet this assumption the § 20r
frequency-selective channels suggested in [6] are modified g 10l
accordingly. §
. . 0
Figure 1 illustrates the EESM performance for QPSK -2 -1 0 1 2 3
modulation with code rat®c = 3/4. Instantaneous PER Vit — Yawn [dB]

vs. B /Ny curves for many independent channel realizations b) Conventional PER Prediction: Mean Absolute Error = 0.725
obtained by link-level simulation are shown in red colorr Fo ‘ ‘ ‘ ‘

each channel realization the equivalent chaitfig| is evalu-
ated and at a certaifi; /N, the SNR on each subcarrigy is
found asy, = |heq7k|2 E;/Ny. With the help of equation (8),
the set of subcarrier SNRsy, } is mapped into the scalats. 92 -1 0 1 2 3

Thus, to each K, /Ny, PER) point (red circles), an equiva- ¥ — Yave[dB]

lent (e, PER)_point is found (green crosses). The ”eafehg. 2. Histogram of: a) the EESM error, i.e. the difference be-
the mgpped point to the AWGN PER curve,.the smaller thg,aen the estimated effective SNR: and the SNRyawgn Neces-
mapping erroi\y = et — Yawgn- AS can be inferred from  gary in an AWGN channel fOPERyaxge:, b) the prediction error of
figure 1, the estimation accuracy of the EESM algorithm deg conventional scheme, i.e. the difference between tharitesteous
creases with a declining PER. This is due to the fact that &tequency-averaged receive SNRand the SNRy... averaged over
lower PERSs, the slope of the instantaneous PER curves devirany channel realizations. QPSK modulation with code 8dte

ates more and more from that one of the AWGN PER curve.in 4x4 QOSFBCPER gt = 10~", 120 channel realizations [6]
with frequency block-fading@opt = 1.61.

occurence

For the mapping already shown, the paramg¢tés op-
timized in the MMSE sense @ER¢aget = 107'. Con-
secutively, with the obtained parameter valtig,,, EESM Table 2 summarizes statistics of the mean absolute EESM
is carried out on an independent set of 120 channel reakrror for different physical layer (PHY) modes. For each-con
izations. Figure 2 depicts the performance of the mappingtellation order, the mapping reliability BER tayget = 107!
at PER¢arger: Most of the prediction errors fall within a is examined for 240 frequency block-fading channels of dif-
+0.5 dB range. As a reference the histogram of the error of derent type [6]. Results for soft decision Viterbi decodnith
conventionalmethod is also plotted, where for PER preaficti four-level (2 bits) quantized inputs are listed in additasa
the PER vs. E; /N, curve averaged over many frequency-reference. In contrast to the soft decision case, in the hard
selective channel realizations is taken into account (taekb  decision case the prediction accuracy for higher moduiatio
dotted curve in figure 1). orders decreases slightly.
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Fig- 3. Mean Squared Error of EESM as a function of the map-Fig. 4. Optimum values of the mapping paramegefor different
ping parametef. Modulations with code rat&/4 in 4x4 QOSFBC.  target PERs. Modulations with code raét in 4x4 QOSFBC. 240

PERtarger = 107", 240 channel realizations [6] with frequency channel realizations [6] with frequency block-fading.
block-fading.

The sensitivity of the EESM error with respect to the pa-constellation order the value of the parameieat all target
rameter3 is similar for all considered PHY-Modes (figure 3). PER levels is kept fixed ab,... The prediction error for
An acceptable performance of the algorithm within a rela-QPSK modulation is slightly lower than the one for BPSK,
tively wide range of3 values is guaranteed for each MCS.  but in general the accuracy of the mapping decreases slightl
with an increasing modulation order. In addition, as alyead
anticipated from figure 1, the prediction error at all MCSs
strongly decreases with an increasing target PER. This im-
plies that for services which have different Quality of Seev
(QoS) requirements (i.e. various target PERS) a different p

Figure 4 depicts the optimugvalues per MCS at differ-
ent target PERs. For each constellation ordgy, is almost
constant with respect tBERarge¢. Having in mind the low
sensitivity of the EESM performance with respect to slight
variations of3 (see figure 3), one and the samig,, value f L

. g . ... formance of the PER prediction is to be expected and has to
can be considered per MCS in the mapping process within thf)—:‘e accounted for
whole target PER range of 0.05 - 0.5. This is of advantage, '
since the PER prediction over different target PER levelsre  EESM has the ability to support Hybrid Automatic Re-
mains a one-dimensional task. The valg, for each MCS  peat reQuest (HARQ) schemes [2], which is of big impor-
is found by averaging thg,, values at alPER..qc¢ in the  tance since HARQ is likely to be a key feature of any future
considered range.

The performance of the EESM scheme over many realiza-

tions of frequency block-fading channels of different type _ BPSK 3 t‘ _ 034
) . : o Bopt = 0.
is depicted as a function #fER..ect in figure 5. For each = 04 —— QPSK, oyt = 1.65 |
= — 16QAM, Fop: = 8.33
g = B4QAM, Fop = 31.62
Table 2. EESM error statistics and optimizesl values for hard E 0.3
and 2 bits quantized soft decision Viterbi decoding. 240ncle& %
realizations [6] with frequency block-fading?c = 3/4. 2
<
Hard-decision Soft-decision g 02
=
Mean abs. Mean abs.
PHY-mode | error [dB] | Bopt | error [dB] | Bopt o ‘ ‘ ‘
BPSK 0.265 | 0.89 | 0.217 | 0.68 o1 %2 pER.2 04 05
QPSK 0.247 1.64 0.281 1.35
16QAM 0.315 8.34 0.337 6.67 Fig. 5. EESM performance at different target PER levels. Mod-
64QAM 0.345 |29.80| 0.441 | 23.40 ulations with code ratg/4 in 4x4 QOSFBC. 240 channel realiza-

tions [6] with frequency block-fading.



wireless system. The stringent PER requirements at the physansmissions can readily be applied in any type of MIMO
ical layer are alleviated through allowing packet retraissm communication system by deriving the corresponding equiv-
sions at the data link layer [8]. Hence, due to the lower targealent system model representation.

PERs that have to be guaranteed, a higher reliability and ac-

curacy of the EESM algorithm can be expected. As the simulative investigations show, the accuracy of the

proposed algorithm is acceptable and its performance is ro-
bust. Besides its application as a component for a more effi-
cient and accurate system-level evaluation, this intertam

be utilized in real system architecture to improve the perfo

. . mance of link adaptation techniques and thus increasemsyste
This subsection presents results for the case when the pssunt]hroughput and speciral efficiency

tion of block-fading in frequency is relaxed, i.e. now each
subcarrier has a distinct channel gain.

4.2. EESM performancefor frequency-selective channels

The EESM performance is examined agaiRBR target = 6. REFERENCES
10~ for 240 frequency-selective channels of different type
[6]. Table 3 summarizes statistics of the mean absolute EESM[1] M. Lampe, H. Rohling and J. EichingePER-Prediction for
error for different PHY-Modes. While the mapping error for Link Adaptation in OFDM Systemgth International OFDM
BPSK and QPSK is comparable with the one over frequency ~ Workshop, September 2002, Hamburg, Germany.
block-fading channels (see table 2), for higher moduladien [2] Y. Blankenship, P. Sartori, B. Classon and K. Baurink Er-

ders it becomes infinite. ror Prediction Methods for Multicarrier SystemiEEE VTC

The origin of this problem does not lie in the EESM algo- Fall, Los Angeles, 2004,

rithm, but in the applied MIMO processing. The assumption [3] A. Sezgin. Space-Time Codes for MIMO Systems: Quasi-
in SFBC of constant subcarriers within a codeword will not Orthogonal Design and ConcatenatidhD thesis, Technical
always be met in wireless LAN channels. It has been shown  University Berlin, 2005.

that, especially for high modulation orders, the 4x4 QOSFBC [4] System-level evaluation of OFDM - further considerations

transmission over frequency-selective channels is skvaie Ericsson, Nov. 17-21, 2003, 3GPP TSG-RAN WG1 35, R1-
fected [9]. 031303.

In channels with large multipath spreading, the slope of [5] A. Camargo and A. CzylwikPER prediction for bit-loaded
the instantaneous PER vs. SNR curves deviate significantly =~ BICM-OFDM with hard-decision Viterbi decodind 1th in-
from that one of the AWGN SISO PER curve. Some of the ternational OFDM workshop, Hamburg, Germany, September
PER curves even saturate at a certain PER level. In the former 2006

case this results in a high mapping error, while in the latter (6] \/ Erceg et. alHigh Throughput Task Group (TGn) channel

case in an infinite one. models IEEE document, May 2004.

[7] IEEE Std 802.11a-1999 Part 11: Wireless LAN Medium Ac-
Table 3. EESM error statistics and optimizetivalues for hard and cess Control (MAC) and Physical Layer (PHY) specifications
2 bits quantized soft decision Viterbi decoding. 240 reslans of IEEE.

frequency-selective channels [Gfc = 3/4. [8] Q. Liu, S. Zhou and G. Giannaki€ross-Layer Combining of

Adaptive Modulation and Coding With Truncated ARQ Over

Hard-decision Soft-decision - : ! : -
Wireless LinkslEEE Transactions on Wireless Communica-
ti . 1746-1755, September 2004.
Mean abs. Mean abs. 1ons. p » Seprember

PHY-mode error [dB] | Gops | error [dB] | Bopt [9] A. Camargo and A. CzylwikA Novel Bit Loading Algorithm
for QOSFBC in 4x4 MIMO OFDM Systemisitl. ITG/IEEE

BPSK 0.250 0.75 0.248 0.57

OPSK 0370 110 0313 105 Workshop on Smart Antennas, Ulm, 2006.

16-, 64-QAM 00 - 00 -

5. CONCLUSIONS

The presented work offers a new link to system level inter-
face metric for MIMO multi-carrier communications based
on QOSFBC. It should be noted that the herein presented
methodology for applying the EESM technique in multi-array



