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analytical expressions of the SINR at the outputthef
ABSTRACT detector. In section 4 we describe the EESM tecsand
its adaptation to the MIMO-OFDM system. Section 5
Bit error rate (BER) prediction over channel reatiisns has validates our model through simulation results. €asions
emerged as an active research area. In this papegive are drawn in section 6.
analytical signal to interference and noise rat®INR)
evaluation of MIMO-OFDM systems using an iterative ) Z'TRANSMISSION.MQDEL
receiver. Using this analytical SINR expression,psapose  Consider a MIMO-OFDM communication system usMg
an accurate BER prediction method based on effectiiransmit antennas (Tx) ani¥ir receive antennas (RX).
exponential SINR mapping (EESM) method. We show bfigure 1 depicts the transmitter modules. Infororatitsby
simulations that our method is independent of thengel  are first channel encoded, randomly interleaved, fad to

realisation and of the MIMO scheme. It is only degent @ quadrature amplitude modulation (QAM) module \rhic
on the modulation and coding scheme. assignsB bits for each of the complex constellation points.

Therefore, each grouge[s,, ...,sg] of Q complex symbols,
Index Terms- OFDM, MIMO, Space time block codes, Bit iS fed to a space-time block code (STBC) encodet L

error rate, EESM technlque x:[Xi't] Whel’eXm (|:1,, MT, tzl,, T) be the Output Of
STBC encoder. The ST coding rate is tHeér= Q/ T. This
1. INTRODUCTION output is then fed tdéAr OFDM modulators, each using

Recently, the combination of multiple input mulégbutput ~ Sub-carriers. Then, the signal power at the ounpibhe ST
(MIMO) and orthogonal frequency division multipleg ~ €ncoder is normalized byir.

(OFDM) techniques is pursued as a potential camelitta

the future wireless networks since they ensure high
spectrum efficiency as well as high diversity gdiowever, . . Moo
the performance of this combination can be furthe| souce |- encoder |-+| imtercaver |of wapper | 5 Stac.
improved if adequate link adaptation algorithms are
adopted. The choice of the best algorithm coultbdsed on
the modulation and coding schemes (MCS) but alsthen Figure 1- MIMO-OFDM transmitter.

applications requirements and channel conditions. @A |y our transmission model, we assume that the rmites
consequence, an accurate and robust real-time ehanRpg receiver are perfectly synchronised. Moreowee,
prediction is required by the higher layer protscoin  assume perfect channel state information (CSI) hat t
particular bit error rate (BER) prediction [1]. Acate BER  yeceiver. Since we assume a frequency domain
prediction can facilitate design, performance exéén and  transmission, the signal received on the sub-aamrtey the
parameter tuning of many wireless protocols antintenng is a superposition of the transmitted signal by th
applications. For instance, rate-adaptive appbeatiand gifferent antennas multiplied by the channel caoidfits

data link protocols can use accurate BER predistitn h n] to which white Gaussian noise (WGN) is addeds It
adapt their source and channel coding rates inrdanoe  gjyen by:

with the forecasted channel conditions.

MT
In this paper, we investigate the effective expdiaésignal Il = P h. + n 1)
to interference and noise ratio method (EESM) ie th il ZII:\/_' NED Kty
MIMO-OFDM systems to predict the BER at the outptit . : : .
the channel decoder. The predicted BER could thexdfe Whe_reyj,t[n] IS _the signal rece|v_ed on thgh subcarrier by
used by higher layer protocols in order to adapirth the Jt_h rece|V|.ng antenna. during tfeh OFDM symbol
transmission modes. The contribution of this wosk i duration. B is the assigned power to the symbols

twofold. First, a generalized framework is propoded  transmitted by theith antenna. hj[n] is the frequency
modelling the signal to interference and noiseoréBINR)  channel coefficient assumed to be constant duFisgmbol
at each iteration of a sub-optimal iterative reeeivin  durationsx;[n] is the signal transmitted by tfith antenna
MIMO-OFDM systems. Therefore, we adapt the EESMand w;[n] is the additve WGN with zero mean and
technique, initially validated within 3GPP for OFDM variance N/2. In the sequel, we will drop the subcarrier
systems [2], to a MIMO-OFDM context. We show tha¢ t indexn for simplicity. By introducing an equivalent regei
EESM technique is independent of the channel fadinﬂ’]atrixY O CMeT
profile and depends only on the MCS. This paper i
structured as follows. Section 2 describes thestrassion
model in MIMO-OFDM systems. In section 3 we give

Ant. 1

Ant. M,

whose elements are the complex
Yeceived symbols expressed in (1) we can writge¢heived
signal on thex" sub-carrier on all receiving antennas:



Ant.l\L
Y =HPX+W 2 ‘
: ) _+ 5,
whereH is the Mg,My) channel matrix whose components | oo | DEmaPRer L o e SISO f Estmated b
.. . . . : (LLR comp.) Decoder

are the coefficientdy;, P is a My,My) diagonal matrix Ant.M.;\E
containing the signal magnitude#gi, X is a M.,T) [ & -

So
complex matrix containing the transmitted symbgg. W Gray Mapper| | "Mereaver
is a Mg, T) complex matrix corresponding to the WGN. Figure 2- Iterative receiver structure

Let us now describe the transmission link with aegal  Now, the detection problem is to find the transeaittiatss
model independently of the ST coding scheme. Warsé®  gjven the vectoy. The optimal receiver is based on joint ST
the real and imaginary parts of the complex symbmpsit  getection and channel decoding operations. Howeueh
vectors {sy: 0=1,...,Q}, of the outputsX of the ST encoder, receiver is extremely complex to implement and nesu
and the received signal. Let ;7 ands; 7 be the real and |arge memory for non-orthogonal (NO) STBC codesusTh
imaginary parts of;. The main parameters of the doublethe sub-optimal solution proposed here consistsaof
code are given by its dispersion matricelg and Vq jterative receiver where the ST detector and channe
corresponding (not equal) to the real and imagimenys of  decoder exchange extrinsic information in an iteeatvay

X respectively. With these notationgjs given by: until the algorithm converges. The iterative detecthown
Q in Figure 2 is composed of a MIMO equalizer, a depaa

X =Z:(Sq’DUq + jsq’DVq) (3) which is made up of a parallel interference caatielh

g=1 (PIC) module, a log likelihood ratio (LLR) compuitat, a

We separate the real and imaginary partS,of andX and ~ Soft-input soft-output (SISO) decoder, and a safpper. At
stack them row-wise in vectors of dimensions QZ_)’ the first IteratIOI’I, the demapper takes the es@nhat

(2MgT,1) and (M+T,1) respectively. We obtain: symbolsS, the knowledge of the chann8l, and the noise
ir variance, and computes the LLR values of eacheottided
S_[S-LD’ S B éﬂ] bits transmitted per channel use. The estimatechsigs

_ tr 4 are obtained via minimum mean square error (MMSE)
y—[ym, Vi Yoo Yoo Yaero 'X/IRTD] ) filtering according to:

tr
_ ~ -1
X ‘[X(n)ﬂ’X(Ll)u’--wX(MTT RRRACYERS )1] S =g, (Geq (G, +Uv2vl) y )

wheretr holds for matrix transpose. Since we use linear ST i ) . th
coding, the vectox can be written as [3]: where g, of dimension (BIgT, 1) is thep™ column ofGg,

x=Fs (5) (1<p=<2Q). §p is the estimation of the real pag ¢dd) or

: : . . imaginary part§ even) of the complex symbaig (1<g<Q).
where F has t_he d'me”5'°”$ NET, 2Q) and is obj[amed The soft Gray mapper takes the soft LLR outputsnftbe
through the dispersion matrices of the real andginay ] s
parts ofX [3]. SISO decoder and produces estimati), of the

As we change the formulation sfx, andy in (4), it can be  transmitted symbol. The estimated symBgbelongs to the
shown that vectors andy are related through the mat constellation points set. Its estimation is basedh® LLR

of dimensions (BT, 2MT) such that: values and the probability value of each bit of iseg
y =GBx+w (6) constellation point [3]. Once the estimation of thifferent

The matrixB is a (MT, 2VT) diagonal matrix whose symbols Spis achieved by the soft mapper at the first

components are given by: iteration, we use this estimation for the next atems
) . process. From the second iteration, we perform PIC
B, =JF with2T(p-1)+1< i< 2T.p R operationfollowed by a simple inverse filtering (instead of
p=1...,M, MMSE filtering at the first iteration):
Matrix G is composed of blocksG;; (j=1,...Mg; 9;” =y —Geqypég W
i=1,...,M;) each having (R2T) elements [3]. Its 1 (10)
components are the real and imaginary parts otliamnel §(p|) = ggyg)

coefficients. Now, substituting from (5) in (6), the relation
betweery ands becomes:
where the superscrip([ﬂ refers to the iteration number.

G g O dimension (R1gT, 2Q-1) is the matrixG ,, with its

y=GBFs+w =G, s+w (8)

Ge is the equivalent channel matrix of dimensions 5

. th : H H
(2MrT,2M<T) betweens andy. It is assumed to be known P column removeds, of dimension (R-1, 1) is the vector
perfectly at the receiving side.



Sestimated by the soft mapper with s entry removed. In
next sections, we will evaluate the iterative debec
process through SINR and BER analysis.

3. SINR EVALUATION

Without loss of generality, we assume that we arerésted
by the p" symbol. Using the vector-matrix notation of
previous section, the estimated received symbthefirst
iteration in (9) could be written in an equivaléotm as:

8= 10+ 10410
-1
(1) — Atr tr 2
ls’ =9, (Geq (G, +le) 9,5,
2Q
1) — tr
) _ng
g=1
9% p

-1
199 =08 (G [BY, +021)

r -1 11
(Geq [G;q+avﬁl) S, (1)

In (11), 1 is the useful received signal” is the

interference signal between different antennas tduée
non-orthogonality of the considered STBC. We casilga
verify that it is equal to zero for orthogonal STBEhemes.
1

variance (the variance of the real and imaginartspes
equal to %2). Due to this distribution, the SINR eegsion
can be deduced from (11) by:

E{\Ié“\z}
{7} +{ef}

SINR=

(12)

The expectations values in (12) over the randoma dat

symbols are given by:

ef1er} =2l (e +02) ",
2Q _ 2

ef1] :;qu 6) (Ga®%+all) g, (13)
q#p

1) ="l (60 185 +02)

At the second iteration, the estimated symbol esgwé in
(11) becomes more complex. It is obtained usinga(t) (9)
in (10) by:

§§)2) =12+ 12+ 12 where (14)
1P =s,
2Q l -1
(2) — tr _ tr 2 =@
Iy _Z 9 [gq q (Geq |:Geq"'a-wl) 943 }
q=1 gp gp (15)
a#p
1
137 = —gw
p Ip

For next iterations, it is clear from (15) that #pressions
of the estimated received symbol as well as thenastd

SINR become more complex. Therefore, some
manipulations should be considered to give an &inaly
expression of the SINR.

Based on the structure of the iterative receiver,alveady
know that the outputs of the soft Gray mapper amptex
symbols which belong to the constellation pointet L

12 =12 +1 P =s#-1? pe the total interference
power at the second iteration. Then, two cases lman
presented at this stage:

e If the estimated symboﬁél) at the output of the Gray
mapper is equal to the transmitted syrrﬁbql the

useful signalléz) in (15) is such that (()2) =s, = éél)

and the total interference signal at the secomdtits
becomes:

17 =12 412 =59 -5} (16)

since 112 and 1{?are independent and the complex

outputs of the Gray mapper are zero mean with unit
variance, the estimated SINR at the second iteradio

SINR? = E{‘Iéa‘z} - 1
I (R AR C

is the colored noise. The complex transmitted data
symbols are assumed i.i.d. having zero mean antl uni

(17)

where §§)2) is estimated through (10) anﬁﬁ) is the
output of the soft Gray mapper at the first itenati

» If the estimated symbéﬁ) at the first iteration is

different from the transmitted symboISp, the
difference between the received signals at thé tfive
successive iterations yields by substitutihéz)from
(15) in (14):

a(2) _ 1) — (2) (2) _ 1)
Sp Sé - Sb+ 1 + IZ #)
Since §'()1) is different from Sp in this case, and the

different transmitted symbols are i.i.d., we camifye
due to the expectation operation that:

- E{‘léz)‘z} E{‘léa‘z}
SINR” = =
e} s, 5]

_ E{‘ Io‘z} _ 1
I G P i

It is clear from the last term of (17) and (19)tttiee SINR

expression at the second iteration is simpler thea of

(15). In this case, only the estimated symbols athe
iteration are used for SINR estimation i.e. we tidwive to

compute complex expressions. Also, we can show(¥gt
and (19) could be generalized for successive iarat We

(18)

(19)




will now exploit our theoretical SINR model throudER ~ WGN curves. [2] proposes the EESM technique whih i

measurements at the output of the channel decoder. based on the Chernoff Union bound [4] to find tffective
SINR. The key EESM technique expression relevardrto

4. BER PREDICTION WITH EESM TECHNIQUE  OFDM system is given by:

In the previous section, we derived formulas foe th

estimation of the SINR at each iteration of theedetr 1 Nz SINR A

output. However, it is desirable to evaluate theteay level SINR, =-AlIn (—Zexp(— D (23)

performance after channel decoding in terms of BERs N v A

work is motivated by the practical need of suchsnees for  SINHn] is the SINR obtained over th&' sub-carrier and

accurate and realistic evaluation of the systemellevis a unique parameter which must be estimated fitoen

performance but also for suitable development ok li system level simulations for each MCS. It is estedaonce

adaptation algorithms such as adaptive modulatiod a by preliminary simulation for each MCS. When BiNR;is

coding, packet scheduling, hybrid-ARQ, etc [4]. fidiere, computed, it will be used for BER prediction at thetput of

an accurate relationship between the SINRs obta@dtle the channel decoder with a simple look-up table T).ds

output of the detector and the BER performancheabtitput  shown in Figure 3. This LUT gives the BER at thépati of

of the channel decoder must be identified. the channel decoder as a function of the SNR faaassian

ﬁhannel. It is computed analytically or by simwas. The

uniqueness ok for each MCS is derived from the fact that

the effective SINR must fulfill the approximateatbn

Let J denote the packet size in complex data symbols. |
general, the data symbols in the packets are titteshover
different resource elements (e.g. sub-carriers)thackfore
they may experience different propagation and fetence
conditions. Thus, the data symbols may have diffe®NR BER(SINR) = BER,, ( SINR) (24)
values. LetSINR be the vector ofl instantaneous SINR where BERygy is the BEP for the WGN channel which
received at the output of the detector. The problem depends only on the MCS.
determining an accurate BER prediction method comes

back to looking for a relationshi SRs amtor”

; D SINRL, - SINRINL 2 o ot > e el
e _ f(SI NR) (20) decoder

whereP. denotes the bit error probability (BEP) ainid the Figure 3- BER prediction through EESM

prediction function, which should be invariant wittspect In our study, the EESM technique must be adapted to
to the fading realization, to the multi-path chdnn®del MIMO-OFDM context. Indeed, the estimated received
and should be applicable to different MCS in a soft way symbol at each sub-carrier is a superposition &emint
i.e., by changing the values of some generic patemi¢5].  symbols transmitted by the different antennas @ $ub-

In the context of a WGN channel, the SINR becom88IR  carrier. Therefore, the EESM technique will be &aplon
and it remains constant over the packet. In thisteed, a  the set of Q symbols transmitted on Mg antennas during
direct relationshipé exists between the SNR and the errorT OFDM symbols. The effective SINR is therefore

probability computed through:
e SINR[
> exp(— ;' Jj (25)

P on = E(SNR) (21) kS
The functionéis called the mapping function. It is obtained NQ
through theoretical analysis or link level simutatiwith a 5 SIMULATION RESULTS
WGN channel. In the general context of a fadingncied,
where the SINR varies, the prediction functfdn (20) can
be written exactly as a compound function of the N\VG
function £ and a compression functiof5]:

SINR, = -4 In(

In this section, we validate by simulations ourottegical
model based on (12), (19) and (25). In this pape,
consider the orthogonal Alamouti code [5] and thr@d@n
code [7] with My =2 and Mg =2. For equal transmitted
R, =¢or(SINR) =¢(SINRy) powers, we assume that the powers of mérix (6) are
with  SINR, = (SINR) (22) equal to 0 dB. For unequal transmitted powers, et€®sto

. : . .0 dB and we changd®,. The considered simulation
The functionr is referred to as the compression function

since its role is to compress the vectSINR of J
components into one scal&NRy. The scalarSINRy is

called theeffective SINRund it is defined as the SINR which Al i sch . NO sch t efficent
would yield the same error probability in an eqlewa /amoull Scheme since, schemes areé not efhomn

WGN channel as the associated vec®KR in a fading WGN channel. Figure 4 (resp. Figure 5 ) comparesBiR
channel. By writing (22), we have merely turnedpheblem  OPtained by simulations and the BER predicted wita
of determining the prediction functidrinto the problem of EESM technique for the Alamouti scheme, consideang

determining the compression functian spectral efficiencyn=4 [b/s/Hz] (resp.n=6 [b/s/Hz]) and
different values of transmitted powers. These figushow

the accuracy of the proposed technique based oBIR
analytical expression. Moreover, they show that the

parameters are given rable1. The spectral efficiencies 4
and 6 [b/s/Hz] are obtained for different ST scheras
shown in Table 2. The WGN results are obtained gusin

In an OFDM system, it was concluded that the ksyesto
accurately determine the appropriate BER after mobln
decoding is to use the effective SINR in combimatiath



parameter) is constant X=12.7 forn=4 and\=22.6 for Worki_ng Group on Mobile Brodband Wireless Access,
n=6) and it is independent of the transmitted powet www.ieee802.0rg/20, C802.20-04/67, June 2004.

depends on the MCS or equivalently on the spectr@d] S.M. Alamouti, “A simple transmit diversity technieg
efficiency. The parameter is obtained by simulations. It is for wireless communications”, IEEE J. on Selected
computed once for a given MCS. Figure 6 compares th  Areas in Communications, vol. 16, no. 8, pp. 14854,
BER obtained by simulations and the BER predictéith w Oct. 1998.

the EESM technique for the Golden code schemegetrsp d[7] J.-C. Belfiore, G. Rekaya, and E. Viterbo, “The dgo
efficiency n=6 [b/s/Hz] and different values of transmitte code: a 2 x 2 fullrate space-time code with
powers. Since the spectral efficiency does not gbanith nonvanishing determinants,” IEERans. in Information

respect to results of Figure 5, the parametét2.6 gives an Theory, vol. 51, no. 4, pp. 1432-1436, Apr. 2005.
accurate BER prediction and validates our predictio

technique.

—+— Gaussian
—(— Predicted BER P2= 0dB

—o— Simulation BER P,= 0dB

1
1
w

Table 1- Simulations Parameters

Number of subcarrierdN¢) (8K mode . E) :md;dBBE:RPFZGZ:B

Guard Interval 1024 samples | " ESS3SSSEZZESCIZZZESSESZ3ZZZESSEZ:S
RateR; of CC 1/2, 2/3, 3/4 using (133,131)| ° [~ X700

Channel estimation perfect | Ezzi--o--cRo-d

Constellation 16-QAM, 64-QAM, 256-QAM

Spectral Efficiencies n=4 and 6 [b/s/Hz]

Channel model Typical Urban (TU-6) e 7 8 o 0 u 12 13 14 15 16

E,/N, [dB]

Table 2- Different MIMO schemes and efficiencies

Figure 4- Validation of EESM technique, Alamoutheme,
Er‘)ﬁec?(tarr?cl ST schemeST rateR |Constellation | R n=4 [b/s/Hz],A=12.7
y 10 oo R

n=4 Alamouti |1 64-QAM 213 B ; Sx;zg BER P, = 0dB

. [ 2-
[bit/Sec/Hz] |Golden 2 16-QAM 1/2 10k o Simulation BER P,,= 0dB
=6 Alamouti |1 256-QAM | 3/4 : o PrednienBER ym o

- . © — Simulation BER Py= -9dB
[bit/Sec/Hz] |Golden |2 64-QAM 1/2 e

BER

6. CONCLUSION o

In this paper, we have proposed an analytical SINR
evaluation of MIMO-OFDM systems using iterative
receiver. Once the SINR is computed, we have pexpas
adaptation of the EESM technique to predict the BERe

output of the channel decoder. We show by simuiatitie 10 12 u K 18 20 2
validation of our prediction method. Our future Wor o /N 8] .
consists to use this method in cross layer optiticina Figure 5- Validation of EESM technique, Alamoutheae,
n=6 [b/s/Hz],A=22.6
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