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1 Introduction

In filter bank multicarrier (FBMC) transmission, rimum speed is reached when offset
guadrature amplitude modulation (OQAM) is employEhlis is different from quadrature
amplitude modulation (QAM), where the real part ahd imaginary part of the data
symbol are transmitted jointly and simultaneoustjith OQAM, the real part and the
imaginary part of the data symbol are emitted sephr and independently, just as in
pulse amplitude modulation (PAM). From the MIMO g@ective, this difference has two
main consequences when maximum likelihood (ML) tegphies are envisaged

a) the computational complexity of the algorithnssbased on powers of two in
OQAM, while it is based on powers of four in QAM.hérefore, multibit
algorithms are more practical in OQAM than in QAM,

b) for a given signal-to-noise ratio (SNR) at thecaiver input, the theoretical
equivalent SNR which determines the bit error (B#€R) of the ML algorithm is
greater with OQAM, which leads to a smaller BER.

In short, OQAM modulation has the potential to @uifprm QAM modulation, with a
reduced computational complexity.

However, there is an obstacle for OQAM to realisepotential, it is the interference term
which accompanies every real data symbol. In f&acst of the effort in developing ML
algorithms for OQAM is related to the estimatiorddahe cancellation of this interference
term.

In the present document, algorithms are developedhe MIMO 2x2 and MIMO 4x4
cases and they exploit either MMSE estimations h&f interference terms or patrtial
reconstitution of these terms from estimated preaed future data and decided past data.
But, first, the OQAM-QAM comparison in the ML comtels carried out for the case of
MIMO 2x2 and binary data, that is binary phase tskdying (BPSK) modulation and
guaternary phase shift keying (QPSK) modulatiopeesvely.

2 Performance of ML algorithms

Considering a system with 2 transmit antennas an@cBive antennas, the received
signals are expressed by

Xl = hllsl + hlZSZ + bl ; X2 = h21sl + h2252 + b2 (1)
where s, , s, , b, , b, designate the data symbols and the noise termpsaigely. The
complex valuesh,, , h, , h,, , h,, represent the MIMO channel matrix elements.

If the modulation is BPSK, thes, =d, and s, =d,, whered, and d, are the real data
symbols +1. With QPSK (or QAM 4)s =d, +jd, and s,=d, +jd, , and
d1,2r,i = il :
The maximum likelihood technique consists, in atfistep, of computing the error
function
2 2

Er = |X1 - hllsl - h1252| +|X2 - h2151 - h2252| (2)
for all possible values of the data symbols [1]e Tdannel matrix elements are assumed
to be known.

2.1 BPSK modulation
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Two signals are emitted and two real data symbmsiravolved, which leads t@* = 4
error function calculations. When the data symhwsied in the calculation are those that
have been emitted, the error function is

E, =[bi|" +fo,[" 3
Now, if the emitted symbol igl, =1 and -1 is used in the calculation instead, thererr
function takes on the value
E, =[2n, +by|" +[2n,, +b,[ @)
At the output of the ML decoder, the decoded sysmloé those which minimize the error
function. Thus,E, and E; must be compared and taking their difference léads

E - E * *

% = |h11|2 + |hzl|2 + Re{hubl + h21b2} 5)
The noise samplels =b, + jb, andb, =b, + jb, are assumed to be made each of two
independent Gaussian variables of powéeach.

At the decision point, the signal-to-noise ratierided from (5), is

2 2
_ I+
1T 2

NR, - (6)
Similarly, writing the equivalent of equation (% fd, false yields
ol + [
NRy, =5 (1)
o
And for both data symbols false, taking into acddbe sign of the errors
2 2
+ +/h,+th
S\leLz — |hl1 h12| 2| 21 22| (8)

o
The bit error rate is mainly derived from these ShRues. It is worth pointing out that,
through expression (8), the bit error rate is depahon the relative phases of the channel
elementsh, andh,, on one hand, anll,;, and h,,on the other hand.

2.2 QPSK modulation

Again, two signals are emitted but, now, 4 datmlsyis are involved, which leads to
4% =16 error function calculations. When the data symhalsd in the error function
calculation are correct, the value obtainecEjs as above. Then, ifl, is false, the error

function calculated as above leads to the diffexenc

Es —E ) ;

% = |h11|2 +|h21|2 + Re{ h,b, + h21bz} ©
Next, if d; is false, the difference is

Ew —E mi h; ;

% = |hu|2 + |hzl|2 +1 {hllbl + h21b2} (10)

and ford,, andd, false

Eqw, —E 2 2 . " . .
d1 ,4 0 _ 2(|h11| +|h21| )+ Re{hnbl +h21b2}+ Im{ h/,b, +h21b2} (11)
At this stage, there is no difference between BP&Kl QPSK, because the SNR

expressions derived from (9-10) are the same asn(@ct, the difference comes from the
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double errors, on two different symbols. The 4 psescombinations lead to the
following SNR values

| hy" |y, £ hy,[ st by |y £ jhy,|
2

S\lelr 2r o ; S\IRdlr 20 T 0_2 (12)

R, , <Mt m2|20+2|1 L0 PN W m2|20+2|h21 £ |
When they are compared to expression (8) for doebiars in BPSK, these expressions
reveal that the 4 phases, namely 1, j, -1, -jjmrelved in the summations of the channel
matrix elements, instead of the 2 phases, 1 andlhds, double errors in QPSK lead to
SNR values which are smaller than the SNR valuesBfSK or equal. In a random
context for the transmission channel, the diffeeent the probability of error can be
calculated. Finally, the BER in OQAM is smaller ththe BER in QAM. A detailed

analysis is provided in reference [2] for flat faglichannels.

An illustration is given by the curves shown in HEigwhere a flat Rayleigh fading channel
is used. The difference in performance is abous.1 d

BER

: ; . ;
5 10 15 20 2 0
SNR (dB)

Fig.1. Performance of OQAM and QAM modulations K&iMO 2x2 and ML

3 Algorithms for MIMO 2x2 based on MMSE estimatian

When the channel matrix elements and the additivisenpower are available, the
minimum mean square error (MMSE) technique camizekied to obtain an estimation of
the OQAM interference terms [3]. Then, the ML teiciue can be applied.

3.1 FBMC and MIMO-MMSE
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When the transmitter and the receiver of an FBM&lesy are connected back to back, the
signal at the receiver output, in sub-channel titime “n” is expressed by

X (n) =d,(n) + ju;(n) (13)
whered, (n s a data symbol and (n i$ an interference term expressed by
1 2K-1
um=> >cd,(n-k ; kl#0 (14)

I=-1 k=—(2K-1)
The coefficientsc, represent the system impulse responsekaiscthe overlapping factor
of the prototype filter. FOK =4, the main coefficients are given in Table 1.
With binary data, the interference teun(n takes on values in a large discrete set in the
range [-3,+3] and this is an issue for maximumlileod (ML) detection, because it is

not realistic to consider all its possible valuésus, this term has to be evaluated, before
the ML technique is applied, and, in a first appglgaMMSE is used to that purpose.

time n-2 n-1 n n+1 n+2 n+3
S.C.
i-1| -0.125/-j0.206 | 0.239)0.206 | -0.125| -j0.04

| 0 0.564 1 | 0.564 0 -0.067
i+1 | -0.125| j0.206 | 0.239-j 0.206|-0.125 | j0.043

I

Table 1s&m impulse response (main part)

Among the spatial multiplexing schemes, MIMO 2x2the simplest and most widely
used scheme. Therefore, to begin with, the detedgchniques are developed in that
context, where the system has two transmit anteanastwo receive antennas. At a
particular time, in a particular sub-channel, thkofving signals are received

X =hy,(d + ju) +hy(d, + juy) +by
X, =y, (dy + ju) +hyy(d, + juy) + b,
where d,u,b designate, respectively, the data symbols, the OQi{btference terms and
the noise terms. The complex scalbrsh,,,h,, and h,, represent the MIMO transmission

channel elements at the center frequency of theckabnel under consideration,
assuming perfect frequency and time synchronizatfter sub-channel equalization.

(15)

In matrix form, equations (15) are rewritten as

X =HS+B (16)
The MMSE technique consists of finding the matrixv@@ich minimizes the cost function
2 2
J= E[|Sl —0nX - 912X2| +|Sz — 00X — 922X2| ] (17)

Assuming that the source signals =d,+ ju, and s, =d, + ju, are statistically
independent, the solution is

G'=(H'H'+0%1,)"'H’ (18)
where H'is the transpose of H and "is the conjugate. The noise powerds. In the

absence of noiséG = H ™, which is the solution of the so-called “zero fag? criterion.
Accordingly, the “zero forcing” estimation of thewgce signals is

S=S+H"'B (19)
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As concerns the MMSE estimation, it takes a mormapated form and the 2 elements
of the vector are

= (IDF+* (I, F+ by, f)s,+oAs,+(hig?+D'h )b+ (h'g*~D'h )b

“ (20
P+ f+ hy 1+ 13 P J40° (0)

and
(IDF+o*(Ihy, f+ Iy, T )s,+0°A's,+(hig? ~D'h )b # (W ,g* +D'h )b

‘(21
P+ T [+ iy 1+ hp13 D J40° ()

§2:

with D =det ) and A=h h,,+h,h... The signal-to-noise ratio associated with MMSE,
for the decision ord, , is given by

(lDIZ+0-2(|h.ll f+ |h21f)2

SR = * P . (22)
0! |AF +| N.0* + D'hf +|0% ~-D'h,f" |
and for the decision od, it is
D f +o? +hy, 1Y
R = (IDF+o*(h, £+ Iy, 1) 23)

_0_4|A|2+|:|[.&*20_2+D*h21|2+|h*2202 _D*hlrjidi

The “zero forcing” estimation has no bias, but BM&SE estimation yields higher signal-
to-noise ratios.

3.2 Combining MMSE and ML — binary data case

As mentioned in the previous section, the maximikalihood principle, when the data
symbolsd, and d, are searched, implies the calculation of the dtaction

Er :|X1_rﬁldl_|‘]12d212+|X2_hzgj 1_hzg lzz (24)
for all possible values of the data symbols. Assgntiinary datad, =+1 andd, =+1, 4

evaluations are needed. Then, the minimum of thar &unction values is picked and the
data set which is involved in it is the output loé¢ tML detector.
In order to assess the error rate, it is necedsaeyaluate the probability that an error
function value with the wrong data be smaller ttranerror function with the correct data,
denotedE,. If E, is associated with a wrorg, -1 instead of 1, the difference with,
is expressed by

E - E 2 2 * * * *

% = |h11| + |h21| + u, Im{hnhlz + h21h22} + Re{hllbl + h21b2} (25)

The corresponding signal-to-noise ratio is, comangenow the sign of the error,
2 2 x « 2
Il I £ ugim(nu b g |

i (hal* +|hoHo? 12
Similarly for a wrongd,

(26)

* * 2
(Il +[hf £ uiminy b b ) |
& (| +|hy, Yo 12

(27)
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Finally, for wrong d, andd,

2 2 * R
SNRd _ hhn * h12| +|h21 * h22| * (U1 * uz) |m(h11h12 + h21h22)
1,d2 -
(hy £hy,|” +|hy, £ hy,[)o? 12

(28)

It is remarkable to observe th@\R,, depends on,, while SNR,, depends o, .

Finally, from the above expressions and the commedtetween signal-to-noise ratio and
bit error rate (BER), it appears that the perfaroeaof the ML scheme, in terms of BER,
is impacted by the interference terms and the impagroportional to the quantity

Im(h,,h,,+h,N,) which is known, whiley, and u, are unknown. Now, if estimated
values 0, and U, are available and if they are introduced into éneor function (24),
equation (25) becomes

E —_ E * * * *
% = |hn|2 + |hzl|2 +Au, Im{huhlz + h21h22} + Re{hllbl + h21b2} (29)

with Au, =u, —0,.
A first approach consists of taking the estimatiapsand G, of the MMSE technique

described above. Then, the issue is to asses®tf@mance of the MMSE-ML method,
with respect to MMSE only and with respect to tiptirmal decoding, which corresponds
to Au,, =0. For simplicity reasons, the analysis is carried with the “zero-forcing”

estimation, conjecturing that the MMSE estimatieads to similar results.

In the zero-forcing (ZF) technique, the inverserole matrix is used to estimate the
interference terms. According to equation (19),ek&mation error is given by

Sl ls A
Au, huhzz_thlz _h21 h11 bz

Then, under the assumption of weak correlation batvwbee noise terms in (29) and the
above estimation errors for the interference temms,signal-to-noise rati®\R,, can be

expressed by

2 + h 2
AR, :M 31
% a+A)
with
Im{h.h,+h,h}Y
oo (m{hah mé) @)
|h1h22 - hZZhlJ
The signal-to-noise ratio associated with zeroifycfor the decision oml, , is given by
1
NR, (33)

[NETY
|huh22 - hl;] zJ,
where g’ is the noise power, as explained in section 2. Goimip equations (31-33), the gain
of using the ZF-ML combination with respect to 46ree is given by
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(hul” +[hey)(had" +]hed)
bz, =huh,f + (m{h 0+ h g Y
The magnitude of this gain depends on the elenwdrttee channel matrix. Optimal detection
is achieved iflm{hnhf2 + h21h;2} = 0. For example, with

h,=%h,, =j;h,=07+07j;h,, =-07+0.7]
the gain isG,-_,, =2 (3 dB), while if h,, =0.7-0.7] the gain is unity (O dB). In the
presence of a varying channel, the gain is averagedthe realizations.

ZF-ML —

(34)

An illustration of the performance of the MMSE-MLethod is provided by the curves shown
in Fig.2. Flat Rayleigh fading channels are usedha simulation with binary data and the
FBMC system has 512 sub-channels. The bit errerisagiven as a function of the SNR at
the decoder input. The optimal detection curve esponds to known OQAM interference
terms.

-| === Optirmal detection _
—t+— FBMC MMSE-ML []
FEMC MMSE

SNR (dE)

Fig.2. Performance of MiBISE-ML scheme for binary data

A significant gain is obtained by the MMSE-ML combhtion, with respect to MMSE, but the
performance is still far from the optimum. BER =107, the curves of Fig.2 show that the
gain of MMSE-ML with respect to MMSE is 2 dB.

3.3 Simulation results for multi-bit data

The analysis which has been carried out for bimita can be extended to multi-bit data.
Then, in the error function calculations, the fa@ois replaced by a factor which can take on
several values.

The curves obtained for 2 bit data are shown in3Fighe corresponding modulation is called
OQAM-16, with reference to the QAM terminology. Fdata with 3 bits, OQAM-64, the
curves are given in Fig.4. It can be observed that improvement of the MMSE-ML
combination over pure MMSE diminishes when the oodéhe modulation increases.
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I T
o MMSE

| MMSE-ML ]
= = = Optirmurn detection |4

BER

SN (dE)

Fig.3. Performance of the MMSE-Bttheme for 2 bit data (OQAM-16)

10

| MM3IE-ML
— — — Optimum detection

EER

SNR (dB)
Fig.4. Performance of the MMSE-btheme for 3 bit data (OQAM-64)

It is worth pointing out that no additional delay introduced in the MMSE-ML decoding
process, which is an important aspect for somecgipns.
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4 Algorithms with calculation of the interferenceterm

Optimal detection requires perfect estimation @& thterference terms and equation (14) is
invoked. Therefore, the data symbols involved inaipn (14) must be available. These data
symbols can be estimated by the above proposed MMESHEechnique, but an additional
delay of K- 1 multicarrier symbols is introduced in the transsion. The delay might be
critical and, in order to limit its value, it isteresting to use a small set of coefficients of the
system impulse response. Of course, if an incompil@pulse response is exploited, a
residual interference term remains, which introguadloor in the BER versus received SNR
curve.

Three neighborhoods to the central unity term ibl@d are considered, with 8, 12 and 18
coefficients respectively. For each of these nmighoods, a rough assessment of the
performance can be derived from the maximum valu¢he interference term deviation,
Au,..., which is calculated. The results are given ibl&&, and the corresponding additional

delays are indicated.

Neighborhood Aumax delay
1 0.84 1
2 0.34 2
3 0.03 3

Table 2. Maximum deviation of the interferencemeralculated with 3 sets of coefficients.

Then, using equations similar to (26-28), the pennce can be assessed in each of the 3
cases. Clearly, neighborhood 1 is likely to prodadegh bit error rate, while neighborhood 3
should be close to optimum, except for high SNRes

In order to optimize the approach, it is benefit@minclude into the interference calculation
the data symbols which have already been decidddimnit the MMSE-ML estimation to
future symbols. Since previous decisions are usdtld@ process, the scheme is denominated
Recursive-ML (Rec-ML). The corresponding block dag is shown in Fig.5.

Flifen . . . - -
B || €, Uy, Yin Ayt Yin ag
M | i |
c |t —>Im{. — T i e
M | |
; M| : . |Interference| ; | ML Interference| :| ML |
S| " |Cancelation | ~ |detector| i |Cancelation| |detector| | !
| E
Fi I, } " » A ’
B | S Y [y T
M
£ i T update
First stage Second stage

Fig.5. The 2 stages of the ML scheme with interfeeecalculation

The first stage represents the MMSE-ML scheme, thighestimation of the interference term
and its cancellation in the ML process. The secsiade exploits the results of the first stage
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and the previous outputs, it includes the addilioietay incurred by the approach. Of course,
decision errors on data symbols impact the perfoo@af the scheme.

The direct calculation of the interference termhwitinary data, or OQAM-4 modulation,
leads to the results shown in Fig.6. As expectedghiborhood 1 (8 coefficients) produces a
high BER floor due to the high value of the residirderference. There is virtually no
difference between neighborhoods 2 and 3 as lonlgeaSNR at the receiver output does not
exceed 20 dB. This means that the contributionhef residual interference is negligible,
compared to the noise level. Therefore, neighbattbes a satisfactory compromise between
performance and delay.

i}

10 B B — 5
— — — Optimal detection B
. e E FOME WHSE 1
4 —#— FBMC Rec-ML 3 terms
H FBMC Rec-ML 12 terms 3
_________________ —&— FBMC Rec-ML 18 terms
D e e T, o
[
LU -
EEL e i e i e S e e e A e s
10l
107k 5
........................................................................... »‘N EICRCRTICR e
10'5 1 1 1 i L i
] A 10 15 20 25 a0

SNR (dE)
Fig.6. Performanceha recursive-ML scheme for binary data

The results obtained with 2-bit data, or OQAM-1f ahown in Fig.7. With the increase in
SNR needed in that context, the BER floor effeah@e important and neighborhood 3 with
18 coefficients is preferable.

MMSE

Rec ML 18 terms  |]
Rec ML 12 terms
Rec ML O3 terms
= — = Dptimum detection

EER

. _
0 5 10 15 20 25 0
SHR (dE

Fig.7. Performance of the recursive-ML scheme fbit2lata (OQAM-16)
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Now, even for the most complete neighborhood engmoyn the interference term
calculation, there is still a gap with respect fatimal detection, which stems from the
decision and estimation errors on the data symbeldved in the calculation. This gap can
be reduced if error correction is introduced in die¢ection loop as proposed in [4], but at the
cost of more delay.

5. Algorithms for MIMO 4x4

The schemes presented for MIMO 2x2 in the previsestion, and their analysis can be
extended to the MIMO 4x4 configuration, with therresponding increase in computational
complexity. The received signal vector used for 8coding is expressed by

X =HD+ jHAU +B (35)

whereD is the 4-element data vector aAd is the estimation error of the interference terms.
When the correct data are used in the error fun@@dculation, the value is

E, =|j HAU + B’ (36)

Next, the following notations are considered fa #x4 channel matrix and the estimation of
the interference terms

H=[V,V,V,V,] ; AU' =[Au, Au, Au, Au, ] (37)

Denoting byE, the error function when the wrong value of theadatmbold, is used in the
calculation, the difference is given by

_ 4
Eq 4_E0 =VV, +Im VitZVk*AUk + Re{\/itB*} (38)
k=1

k#i

This is the extension to dimension 4 of equatid®) (@r dimension 2. Again, the performance
of the combination MMSE-ML depends on the elemaitthe channel matrix and optimal
decoding is reached if

4
MV Y V,Au, = 0 (39)
i
Then, the gain brought by the MMSE-ML scheme indase MIMO 4x4 should be similar to
the gain obtained in the case MIMO 2x2 and conftromais provided by the curves shown in
Fig.8, for binary data. In fact, the gain obtaingdh respect to MMSE is about 3 dB at

BER=107.

Although more complex, the algorithms based orctieulation of the interference terms can
be applied to MIMO 4x4. The performance obtained fioe recursive-ML scheme is
illustrated in Fig.9. The curves show that the Biefer effect is smaller for MIMO 4x4 than
for MIMO 2x2. It is worth pointing out that neightimod 2 leads to virtually the same
performance as neighborhood 3 in that case.
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Y| === 0ptimum detection |3
MM SE-ML
MMSE

| —8— Rec-ML 08 terms
—&— Rec-ML 12 terms
Rec-ML 18 terms
q ——— Optirmurm detection [

SNR (dB)

Fig.9. Performance of the Recurdillescheme for binary data in MIMO 4x4

6. Summary and conclusion

In the MIMO context, FBMC systems based on OQAM miation have the potential to
outperform OFDM systems based on QAM modulationenvML techniques are employed.
However, the interference term which comes withrgveal symbol in OQAM modulation is
an obstacle in the ML processing and two approakhes been proposed to resolve the issue.
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In the MMSE-ML scheme, the interference term isnested through the MMSE technique,
then the estimated value is subtracted from theived signals and the ML procedure is
applied. The analysis of the scheme shows thabéhiermance achieved is dependent on the
elements of the transmission channel matrix andmaptdetection can be reached for
particular conditions. In the presence of randomandels, averaging takes place and the
results of simulation carried out for a Rayleight flading channel, the MIMO 2x2 case and
binary data, show a gain in BER corresponding tmiéB dB in SNR.

A remarkable feature of the MMSE-ML scheme is itaicity, due to the fact that the data
symbols are real. Multibit data in high order MIM®nfigurations can be processed with a
reasonable level of computational complexity. Egien of the scheme to MIMO 4x4 is
straightforward and simulation results have showaia of about 3 dB for binary data.

In an effort to come closer to optimal detectidrg tecursive-ML scheme has been proposed.
It consists of computing every interference termnfrits definition, using estimated and
detected data symbols. The complexity is increasetla delay is introduced in the approach.
In order to minimize this additional delay and dwmplexity, partial reconstitutions of the
interference tems have been considered. The gameriormance is significant but optimal
detection is not reached. In fact, combination wetinor detection is required if optimal
detection is targetted.

When FBMC systems and OFDM systems are consideogd MIMO and spatial
multiplexing, the two multicarrier schemes vyieldetsame performance with the MMSE
technique. However, with the ML technique, the aiton is different and it appears that
OFDM outperforms the schemes which have been pesdor FBMC, as illustrated in
Fig.10. This figure gives, for MIMO 2x2, the BERrees corresponding to MMSE, MMSE-
ML, recursive-ML for FBMC and the BER curve for OND

]

10 R =
;| ——FBMC MMSE 5
4 FEMC Rec-hL 12 terms ]
1IZI'1 | —&— FBMC Rec-ML 18 terms |
' | —— FEMC MMSE-ML :
| —=——0FDM ML :
10k Hi
B
B L R e e e e N i L e
0 Eieinaed
10°k i B0 TN T
10tk 9
NI . WO | WO . S—— - e
1|:|'5 1 ] I i 1 "
a g 10 15 20 25 30
SR (dE)

Fig.10. Comparison of FBMEhemes and OFDM, for MIMO 2x2
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Now, in practice, considering the imprecision ofe tikhannel measurements, optimal
performance cannot be reached and the performamgebgtween OFDM and the simpler
FBMC/MMSE-ML approach might be small.

The software programs implementing the followinigjoathms have been delivered to WP9,
for complexity assessment, system simulation, cos@a with OFDM and possible
inclusion in the hardware demonstrator

- MMSE-ML for MIMO 2x2 and binary data (OQAM-4)

- MMSE-ML for MIMO 2x2 and 2-bit and 4-bit data (@M-16 and OQAM-64)

- Recursive-ML for MIMO 2x2 and binary data (OQAM-4

- MMSE-ML for MIMO 4x4 and binary data (OQAM-4)
The complexity of the FPGA implementation of thgalthm ‘MMSE-ML for MIMO 4x4
and binary data’ will be assessed by WP9.
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