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Re{.}

Notations
Z{x} the argument of a complex number x in [0,27),
real part
imaginary part

Im{.}
l

RExRerk

gh“ch Q =X

NS N

Vi[n]
Vn]

p()
plm]

P(2)

Silm]
Fi(2)
Gi(z)
gi[m]

complex conjugation

absolute value

integer part of »

convolution operator

element —by-element multiplication
overall number of subcarriers, FFT size

number of used subcarriers of the ith user (in single-user case, index i is dropped)
set of used subcarriers of the ith user
number of virtual (unused) subcarriers

overlapping factor in prototype filter design

roll-off factor in prototype filter design

prototype filter length

subcarrier equalizer length

sampling interval (at SFB output and AFB input)
sampling rate (at SFB output and AFB input) f; =1/T;
OQAM symbol duration; 7=MT;

subcarrier spacing, Af =1/T=f,/M

subcarrier index (k=0, ..., M-1; k=0 corresponds to center subcarrier)
time index at OQAM symbol rate (— 7)

time index at OQAM subsymbol rate (— 77/2)

time index at SFB output/AFB input (— 7/M)

user index in multiuser cases

number of users

real part of (arbitrary) complex sequence v[n]
imaginary part of (arbitrary) complex sequence v[n]

prototype filter impulse response, continuous-time model
prototype filter impulse response, discrete-time

plm] =T, p(mT,)

prototype filter transfer function

analysis filter impulse response for subchannel &
analysis filter transfer function for subchannel &
synthesis filter transfer function for subchannel &
synthesis filter impulse response for subchannel &

L,-1
]Zk[m_ E J
2

g.[m]= p[mle "

DPy.,lm] SFB impulse response for real symbol dj, (see also definition of s[m])

Dialml= Hk,nﬂk,ngk [m— nM/Z]

27

——km
= ek,nlgk,np[m - nM/z]ej M



ICT-212887 4 Deliverable D4.1

o, phase mapping between real data sequence and complex samples at the SFB input

In general,
{il for k +n even
ko

+j fork+n odd

The recommended choice (following Siohan’s papers) is :
ek n = jk+”

n L1
jz”k[_i_ 2pM ]
ﬂk,n =e
d,, transmitted sequence of the ith user (data & pilots) (real)
xrn  observed ideal (without channel) complex sample sequence at AFB output,
9:,11)6/(,11 = dk,n + juk,n
Here uy , is the un-interesting part of the received complex samples.
xk,n Hz,n‘xk,n
vin  observed channel-distorted complex sample sequence at AFB output

j}k,n Hk,nyk,n
real part of the subcarrier sequence after equalization and multiplication by 9,:,1

detected sequence (real)

s[m] transmitted sequence at SFB output, single user case

s[m] = Z Z d, 0,8 [m—nM /2]

keM,, n=—0

L,-1
2—”k m—nﬂ— L4
2 2

= Z i dk,nﬁk,np[m—nM / 2] ejM
lek[m— Lf’zfl]

keM,, n=—0
= Z i d..o., (—l)knp[m—nM/Z]e M

keM, n=—w0

= 2
- Z z dk,nek,nﬂk,np[m_nM/z] ejﬁkm

keM,, n=—0

= Z Z dk,npk,n[m]

keM, n=—0

si{m] transmitted sequence at SFB output in the uplink multiuser FBMC system, e.g.,

s;[m] = z i dk,npk,n[m]

keM| n=—

s(f)  transmitted continuous-time signal (s, (¢) correspondingly for user 7 in multiuser case)

4 Lyl
0= d, 0, 1" p[t—ngjeﬂ {o-7)

keM,, n=—0

r(t)  received continuous-time signal in the uplink multiuser FBMC system
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U ol
r(t) = ze«/z (?)hl_ (t,7)*s,(t)+n(t) general case
i=1

i,pti

U ,2”(51- )B—l ] )
r(t)= Z ¢ T Z ¢, s.(t— z'i’p) +n(t) discrete multipath case
i=1 p=0
U, janCn
r)=Ye T cs(t-7)+n() AWGN case
i=1

=3 s -2+ ()
i=1

&, carrier frequency offset of the ith user, normalized to subcarrier spacing
& carrier phase offset (radians) of the ith user in the AWGN model

h,(¢,7) time-variant channel impulse response of ith user

P; number of paths in the multipath channel model of user i

Cip complex gain of the pth path of the channel of user i

T delay of the pth path of the channel of user i

i,p

T, timing offset of the ith user in the AWGN model

n(t) complex envelope of white (Gaussian) noise whose real and imaginary parts
are statistically independent and have a power spectral density level of N
2

o, channel noise variance

Ny one-sided noise power spectral density of white channel noise

r[m] received complex sequence at AFB input
n[m] channel noise
hi{m] discrete-time channel impulse response for user i in block-fading model

H,(e’”) channel frequency response for user i
H,  channel response of subcarrier k (assuming flat-fading and time invariant/block-fading case)

H channel response for subcarrier k£ and symbol n (assuming flat-fading and time variant case)

k.n

H/}  channel response for subcarrier k£ and symbol » from TX antenna p to RX antenna g

wi[n] subcarrier-wise channel equalizer impulse response for subchannel &
Notes:

() This assumes causal continuous-time prototype filter impulse response, which is different from
Siohan’s continuous-time model.
@ The choice of 0., .., the signs in mapping real data sequence to complex samples at the SFB

input is an internal choice of the filter bank module (i.e., the definition of x, above can be assumed
to be valid in any case). However, it has an effect on the signal models at the SFB output and for the

complex sequences at the AFB output. In the receiver side, S, is implemented before the subband

processing, and ¢, after it. With this choice, all the subchannels are centered at DC at the

subchannel processing stage.
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1 Introduction: MIMO in FBMC

The use of multiple antennas at the transmitter and/or at the receiver has led to the MIMO (multiple
input multiple output) concept. With multiple antennas at the transmitter and the receiver, the
following functions can be realized:

a) space diversity, to make the radio Rayleigh channel behave more like a stationary Gaussian
channel, which allows for a reduction of transmission margins and improved quality of
service,

b) multiplexing, i.e., parallel transmission over several propagation paths simultaneously, in
order to increase the total bit rate in a given frequency bandwidth,

c) beam forming at the transmitter, at the receiver or jointly at both ends, to improve the link
budget and control multi-user interference.

MIMO techniques combined with multicarrier (MC) transmission yield memoryless and flat sub-
channels that can be accurately represented by a single complex matrix-valued coefficient. The
properties of this matrix transfer function and, in particular, its eigenvalue/eigenvector
decomposition are exploited to increase the data throughput and the quality of service. Therefore, it
is crucial that the channel matrix elements be accurately and robustly estimated.

1.1 Initialization with FBMC

In burst transmission, the channel matrix estimation is part of the initialization process, which
includes also frequency and time synchronization. The techniques developed for OFDM (orthogonal
frequency division multiplexing) can apply to FBMC (filter bank based multicarrier) transmission
and they will not be repeated here [51]. Instead, this document is focussed on the specific aspects of
FBMC/OQAM (Offset Quadrature Amplitude Modulation), namely the prototype filter impulse
response, the independence of the sub-channels and multi-tap sub-channel equalization. Of course,
conventional OFDM techniques will be invoked whenever appropriate for comparison purposes, in
terms of performance and complexity for example.

The prototype filter impulse response introduces a transition phase at the beginning and the end of
the transmitted burst. It is crucial in cognitive radio, where the transmission system must insert its
signal in a spectrum hole without disturbing other systems which operate in the immediate spectral
vicinity. In these conditions, in order to limit the reduction in global throughput, parallelization of the
synchronization and measurement operations is seeked. Of course, if a spectral gap is present
between systems, maximizing the throughput is an objective and OFDM compatible techniques can
be employed, as in the single antenna case, namely memory preloading and impulse response
shortening.

In FBMC, any sub-channel overlaps with its neighbours only and orthogonality is limited to these
neighbouring sub-channels. The property can be exploited in the measurement process. Moreover,
since groups of sub-channels are independent as soon as there is an empty sub-channel in-between,
many techniques developed for the downlink case (full group of sub-channels) apply to the uplink
case (groups of sub-channels) as well. However, an important difference remains concerning the
timing offset.

With the presence of multi-tap sub-channel equalizers, the timing offset is not a critical parameter for
FBMC. However, if a single tap equalizer is desirable, which is the case for MIMO, then, the timing
offset must be estimated and compensated. In multi-user uplink, it is not possible to compensate the
timing offsets, unless ranging and distant timing alignment is performed as in OFDMA. Therefore,
multitap sub-channel equalizers are necessary. Fortunately, in the MIMO context, the multiple
antennas of a transmitter lead to received signals which have a common timing offset and, then, a
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common timing offset equalizer can serve for all the received signals, while the various channel
elements are modelled as a single tap coefficient.

1.2 System model for FBMC transmission

Following the notation in D2.1 [2], we express the discrete-time sequence of the baseband signal
synthesized at the FBMC transmitter as

x Mo
s[m| = Z Z ke O Brenp[m — 'r'r.%]e-"i_ﬂ"”.
keMy n=—oc - (1.1)
where
O = 4 — i
and

ke o Lp—1
=i 5 (=5— ).

.b)#',n = (_1)k” - €

Recall, that 4, ,,.0, ., and p[m] denote the complex-to-real transformed data symbol modulated (at
rate 2/7°) on the kth subcarrier during the nth OQAM sub-symbol period, the phase mapping between
the real-valued data sequence and the complex-valued input samples of the synthesis filter bank
(SFB), and the impulse response of a real-valued symmetric lowpass prototype filter, respectively.
Moreover, M, M,, k, and m denote the overall number of subcarriers (=IFFT/FFT size), the number of
active subcarriers, the subcarrier index, and the high rate (at the output of SFB) sample index,
respectively. Coefficients g, ,, are due to the applied modulation sequence in (1.1) and I, denotes the
length of the prototype filter.

The sequence s[m] is transmitted over the mobile channel. A baseband equivalent time-variant
tapped delay line (FIR filter with time-varying coefficients) is used to model the channel. The

received sequence then writes
P—-1+D

rlm] = Z hyp.ms[m — p] + nlm],

p=0
where the channel transfer function

-Hr(’:‘J = h(].m + h‘l.mz_l T h‘P—l-}-D,m’:_(
= [fe.u,m + fa.l‘,”z_l +..., f;p_l‘,,,z_“)_l)} 27D
=H(z)-27P
is expressed as a cascade of a 0-delay multipath response denoted by 77(-) (corresponding to a
receiver perfectly time synchronized to the first multipath component) and a delay term -—» for
modelling a possible timing offset of D samples. Moreover, P, 5,,,,, and n[m] denote the number of
resolvable multipaths, the complex-valued time-varying channel coefficients and the thermal noise

samples, respectively. A timing offset normalized with respect to the OQAM sub-symbol period and
denoted by + = 2D /M will later be referred to as a fractional time delay (FTD).

P—-1+D)

In the FBMC receiver, the time domain sequence r[m] is converted into the frequency domain by
means of the analysis filter bank (AFB). Let us now denote the channel distorted OQAM sub-symbol
rate (i.e., of rate 2/7") sample sequence at the output of the ith analysis filter as

yr[n] = gr[nM /2]

Ly—1

Ur[m] = Z Je[l]r[m =]

where
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and f;.[/] denotes the impulse response of the ith subchannel filter in the analysis bank.

We now consider a communication link with a single transmit and (@ receive antennas (i.e., 1 x Q

SIMO model) and therefore extend the notation to
Pi-1

.!.G‘ [?”'] = Z fj';i,rr:"i[J'F!j' - xu] + ”q [?”']
p=0

yi[n] = yi[nM/2]

L1
Uplm] = Z flllrfm = 1]
=0

Here, the superscript ¢ is used to define the respective receive antenna. Moreover, the thermal noise
on each antenna is assumed to have a pdf of zero-mean Gaussian with variance o2 = N,/2.
Furthermore, the noise components at each receive antenna are assumed to be uncorrelated with the
noise components at the other receive antennas.

Finally, we consider a MIMO-FBMC system with /V; transmit antennas and N, receive antennas. The
block diagram of the system is depicted in Figure 1.1. Note that the SFB and AFB can be efficiently
implemented using the modified discrete Fourier transform (MDFT) filter bank based multicarrier
system [12][5].

a'[u) 1 l a'[u)
—» O0QAM + FBMC Mod. J L FBMC demod. :}3 —»

. y a’[u]
a’[u] 2 2 MI]MO L
— ] 0oaM+FBMC Mod. Y T FBMC demod. — Equa Jlrzatlon

OQAM
. Demodulation
N N, N, ~ N
a’ ’['nf.] <N a’ ’['H.]
—» OQAM + FBMC Mod. FBMC demod. —»
| Y ]

Figure 1.1. MIMO-FBMC system
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ab[l] : ! E s'[m]
: » C2R i " T M/2 »  go[m) > } : >
! Aa A
i 91 ['H.] : E E
il difn] § viln] ! |
——1 2R > o 1 M2 = gi[m] ]
ahall | :
| » C2R | » gr-1[m] E
OQAM modulation Synthesis filter bank

Figure 1.2. OQAM and FBMC modulation at the transmitter

\]/ >(P E‘; folm] > | M/2 i E oh[n] E S ”L.[”] i ag[l]
X | o - R ] R2C H—
7 [m) E-; fl[m] > | M/2 ]—i-—)- E 0 [n] |
! : sl di[n Y,
: : | rp e oo
E, f‘”_l[”?] > \le ‘J’Xz ”.”_][”] : E 0 [ ] i
i 1 | Uar—1n :
------------------------- 1 [n] E R[] dyr_y[n) RoC : “"’.uznm

Analysis filter bank '

OQAM demodulation
Figure 1.3. OQAM and FBMC demodulation at the receiver

Under the assumptions of good time-frequency localization for the prototype filter and relatively low
frequency selectivity for the channel, the sample received at the ¢th antenna, ¢ =1,2,...,N,, at the

subcarrier £ and time n, after phase rotations (0,:’,, ) will be written as:

~q lLg ~1 2,2 . N, ,q =N, q
yk,n - Hk,nxk,n +Hk xk,n + +Hk,’n xk,ln +77k,n

n

where X/, =6, x/, =d{, +jul, is the ideal AFB output corresponding to the p th transmit
antenna, called the virtually transmitted symbol, and 7/, the noise component at the gth receive
antenna. u,’;,n is the intrinsic interference that depends on the data symbols at positions (k',n")

around the symbol d, , .

Collecting the receive antenna array outputs for subcarrier k£ and time 7 results in
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~1 1,1 2.1 N1 ~1 1

yk,n Hk,n Hk,rl e Hk,n xk‘n ’71(,11
~2 1,2 2,2 N,,2 ~2 2

yk,n _ Hk,n Hk,n Hk,n xk,n + nk,n
SN, LN, LN, NN, || =N N,
yk,n Hk,n Hk,n Hk,n xk,n nk,n
- \ e—_ D
Yi H, , Xg N

that is,
yk.n = Hk,nxk,n + nk,n (1 '2)

1.3 Organization of the document

The present document is organized as follows. Section 2 is dedicated to synchronization and a
specific symbol timing and carrier frequency offset (CFO) estimation technique is described and
evaluated, for the two cases of preambles and pilot symbols. Channel matrix estimation is
investigated in Section 3, first with preambles and, then, with a pilot symbol allocation as in
WiMAX. Also in Section 3, channel tracking techniques specific to FBMC are developed and the
application of the memory preloading technique to the MIMO context is presented. In Section 4,
equalization is dealt with, taking into account various situations, namely spatial multiplexing,
receiver and diversity. A successive interference cancellation scheme is also introduced. Finally, in
Section 5, the MIMO techniques which will be developed in the next deliverable are briefly
discussed.

2 Synchronization

The prototype filter impulse response has an impact on timing offset estimation, as in the single
antenna case. The frequency domain techniques described in documents D2.1 and D2.2 can be
extended to the multiantenna case. However, if time domain processing is desired, the joint
estimation approach of the single antenna case can be adapted.

In fact, only one carrier frequency offset and one timing offset have to be estimated, because the
transmitter and the receiver are each assumed synchronized. However, exploiting multiple antennas
can result in improved estimations, particularly with the maximum likelihood (ML) technique, which
is known to be sensitive to the channel.

Two different situations are considered in two sections. In Section 2.1, the ML-based symbol timing
and and CFO estimators are presented [1]. Precisely, in the case of an NV, transmit and single receive
(N; x 1) MIMO FBMC/OQAM system, N, interleaved groups of subchannels or Ny FBMC/OQAM
symbols can be allocated to the N, transmitted signals. In this way, the waveforms of the different
antennas are nearly orthogonal. Then, under the assumption of a non-dispersive channel, by
exploiting the ML approach, we obtain N, different estimators without significantly increasing the
complexity of the derived synchronization algorithm for SISO FBMC/OQAM systems.

In Section 2.2, timing and CFO estimation using auxiliary pilot is discussed. The auxiliary pilot idea
was first introduced in [4] as a way to construct FBMC pilots which can be used basically in the
same way as pilots in OFDM. Scattered pilot schemes utilizing the auxiliary pilot idea were
investigated in deliverable D2.1 [2] in the synchronization context and in Deliverable D3.1 [5] in the
channel estimation context. Here we first state the basic auxiliary pilot model, considering the case
where the pilots are scattered among the data symbols. Then we show how the auxiliary pilot scheme
can be used in FBMC-based multiantenna configurations. The quality of scattered pilots is then
examined in some basic multiantenna configurations using WiMAX-like system parameters.
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2.1 ML symbol timing and CFO estimation

Let us consider a MIMO FBMC/OQAM system with &, transmit antennas and a single receiver. In
the presence of AWGN channel and under the assumption that the transmitted signals are
synchronous and affected by a common CFO, the received signal can be written as

r[m] = Z)/e(MHWJS[m /T 1+ nim] 2.1.1)

where n[m] is the noise term and sl.[m] the signal transmitted by the ith antenna whose expression is
given by (see section 2 in [2] and (1.1) above)

0 27

s[m]= Z Z dk’nﬁk’nﬂk,np[m—nM/Z]ejﬁ

keM,! n=—o (2.1.2)

In this section we derive the joint ML CFO and timing estimator for the considered MIMO
FBMC/OQAM scenario, by exploiting the transmission of a training sequence, embedded in the
transmitted burst. In particular, let us consider a preamble of N, FBMC/OQAM symbols, the

training sequence of the ith antenna, is given by

2Nzl 27r
z,[m]= Z Z dknﬁknﬁknp[m nM/2]
keM, n=0 (2.1.3)

Nt

where M! is the set of training subcarriers of each antenna such that UM ,=M and M, "M =0
i=1

fori+#j.

By considering an observation window of total length M A containing the non-zero support of the
preamble received from each antenna, the likelihood function in AWGN channel for the unknown

parameters {z,&}, { 71.}?/:’1 and {Q}il is given by (up to an irrelevant multiplicative factor)

. T M- N, 2
A(7.6.7.4)=exp - ' m]=> 7 2 m) (2.1.4)
0 m=0 i=1
where é:(&,ﬁz,...j]\,’], Z=(7717772: ”N]
2 -
N ml=z[m—7/T e T
2Npp—1 k(m FIT,) jz—me
=2, 2 4,08 ,plm—nM /2~ #1771 e M
keM,! n=0 (215)

and the notation of the type X indicates trial value of x. By replacing (2.1.5) in (2.1.4) after simple
algebraic manipulation and dropping irrelevant multiplicative and additive factors, we obtain

AM-1 N,
InA(7,87.4)=-
0 m=0 i=l (216)
(7.7 a,(2,7)]
0 i=1
where
2N -1
W(EF)= Y S 40, fu i (5.7)
keM,! n=0 (2.1.7)

with
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(k) AM1 j—m(ﬁk) jz—ﬁk‘r
(5 z’) Z rimlplm—-nM /2-7/T,]e M r (2.1.8)
m=0

In the derivation of (2.1.6) we have neglected the quantity

& 2<¢¢)2m(€€
= ‘Re{ZZZ 7Tyl O 21T )z, fm}(z.w)

m=0 i=1 i=1

since it depends on the scalar product between the signals of the different antennas whose spectra
essentially do not overlap.

Therefore, for a given value of the parameters {5,5} the ML estimator of é and y is equal to

. l,(8,7) |
Vo (E:7) =735 , i=1...,N, (2.1.10)
> |alm=-7/1T
m=0
glm(é,f):iz{ a,(¢,5)}, i=L..N, (2.1.11)
and, moreover,
v @ |
(fm,ém)=ar%~r{l)ax > . (2.1.12)
s i=1
7,6 i Z

m=0
Note that the solution of the considered two-dimensional maximization problem can be found only
by numerical methods. Therefore, due to the computational complexity of the joint ML estimator, we
consider a more feasible synchronization scheme that requires two one-dimensional maximization
procedures.

Specifically, let us suppose that the CFO is sufficiently small that within a time AQ comparable

~j%FE AQ

with the length of the prototype filter e
length N,, =1 it follows that

~1 and in the case of a training sequence of total

AM -1

w9 (&,7) = e 7wt (0,8)=e 7™ Y rm]plm—nM /2~ r/T]e’7( (2.1.13)
m=0
and, moreover,
éf zdkogkoﬂko* (k)( j”gzdkngknﬂkn* (k)( ,T )
keM,' keM,'
4@ 5@ (2.1.14)
Therefore, the joint ML estimator in (2.1.12) can be simplified as
¢ argmax z| (B +| B S AGBE@ 1| 2L15)
i ! lz(m-7/T] |7 |z [m—%/T,]
m=0 m=0

and
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2.1.1

é AML (TAAML ) = AM -1

Z |Zi[m_fAML /IT]

m=0

2

N, * A A
s z A (T p)B; (T pn) ‘ (2.1.16)
P

1
T

Performance Evaluation

The performance of the proposed AML estimator is assessed via computer simulations. A number of
10 Monte Carlo trials have been performed under the following conditions:

We have considered the MIMO FBMC/OQAM system with the diversity allocation strategy
proposed in [3] composed by 2 transmitting antennas and a single receiver.

The value of the normalized CFO and of the timing offset are uniformly distributed in [-0.5,
0.5) and T {-M/2,-M/2+1,...,M/2-1,M/2}, respectively. In particular, the symbol timing is
supposed to be an integer multiple of the sampling period Ts.

The size of the set of subcarriers is M=1024.

The preamble is made up of N,, = 1 FBMC/OQAM symbol. Moreover, we assume that the

training sequences of the transmitting antennas are orthogonal, in particular the first antenna’s
training symbols are transmitted on subcarriers with even index while those of the second
antenna are allocated on odd subcarriers

The prototype filter is that described in [2] with an overlapping factor K=4.

Numerical results have been obtained by considering two different scenarios: AWGN channel
and multipath channel modelled using the Vehicular-A channel model of ITU-R. Moreover,
the channel is fixed in each run but it is independent from one run to another.

Figure 2.1.1 and Figure 2.1.2 show the root mean squared error (RMSE) of the considered joint CFO
and symbol timing estimators in AWGN (solid lines) and multipath channel (dashed lines) as a
function of the SNR in dB. The results show that in multipath channel the proposed AML symbol
timing estimator exhibits a significant performance degradation while the considered CFO estimator
assures nearly the same RMSE.

10 T T
—8— AWGN
i : : : — B —VehiA
10_2"\\ :
N\
U U, Gy ~ S . N S |
10}

RMSE (t/T)
=
o

SNR [dB]
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Figure 2.1.1. Performance of the considered symbol timing estimator in AWGN and multipath
channel.

10

—8— AWGN
— B —VehiA

10 Il Il Il Il Il Il Il
0 2 4 6 8 10 12 14 16
SNR [dB]

Figure 2.1.2. Performance of the considered CFO estimator in AWGN and multipath channel.

2.2 CFO and FTD estimation using auxiliary pilot

In an FBMC/OQAM system, either real or imaginary parts of the complex subcarrier symbols are
used for data transmission in a staggered fashion. When a real (imaginary) part of a subcarrier
symbol is used, the unused imaginary (real) part is, at the receiver, a fairly complicated function of
surrounding data symbols. In the following, we refer to these two parts of the complex samples as
primary and secondary parts, respectively. With a well-designed filter bank system, like the
PHYDYAS reference bank, the crosstalk effects between the primary parts are small enough to be
neglected.

The nature of FBMC systems makes it impossible to construct pilot symbols for channel estimation
and synchronization purposes in the same way as in OFDM. The approach taken in [6] is based on
the observation that it is sufficient to select one of the subcarrier symbols surrounding a pilot symbol
as an associated auxiliary pilot. Adjusting the primary part of the auxiliary pilot depending on the
surrounding data symbols, the secondary part of the actual pilot can be forced to take any desired
value. For example, the secondary part of the complex pilot symbol can be forced to zero. Utilizing
this idea, pilots can be used in FBMC systems in a similar way as in OFDM. It should be noticed that
the relative pilot overhead using this idea is the same as the pilot overhead in OFDM.

In the following, the pilot and auxiliary pilot positions are denoted as (k,,n,)and (k,,n,),

respectively. Typically, the auxiliary pilot is the subcarrier symbol immediately preceding or
following the pilot in the same subcarrier, i.e., (k,,n,)=(k,,n, £1).

Based on Section 2.4 of [2], the secondary part of the pilot sample can be forced to zero by choosing
the primary part of the auxiliary pilot as
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Z dk,ntkp —k,np—n
(kmeQy, .
(kany#(k, n,)
d = )
kyang,

A

t
K=Kty =1 (2.2.1)

Here 7, ,, is obtained from the transmultiplexer response 7, , as follows:

fk,n = Im[(_]‘)k"’” tk,n] .
Equation (2.2.1) uses the data symbols d; , in a specified window Q,  around the pilot. This

window is chosen to include those symbols which have significant effect on the secondary part of the
pilot. The window typically used with the PHYDY AS reference filter bank includes subcarriers k-1,
k, and k+1 and sample indices n-3, n-2, ... , nt+3.

When scattered pilots are used in multi-antenna transmission schemes for channel estimation and
synchronization, the usual model is the following: When a pilot is transmitted from antenna p, zero
symbols are transmitted from all the other antennas in the corresponding subcarrier(s). In this way, it
i1s possible to obtain a clean pilot observation for each transmission link. To apply this idea in
FBMC-based multi-antenna schemes, it is important to realize that zero-pilots have to be constructed
by utilizing the auxiliary pilot idea to make the secondary parts of the pilot symbols equal to zero.
With this modification, the basic scattered pilot multiplexing scheme can be applied also in FBMC
transmission. If clean pilot observations are obtained, the same scattered pilot based methods, which
have developed in WP2 and WP3 for synchronization and channel estimation in the SISO/SIMO
case, can be used for the same purpose in MISO/MIMO cases.

In multicarrier systems, the pilots are naturally sensitive to carrier frequency offset (CFO) due to the
induced intercarrier interference. In FBMC reception, the sensitivity to CFO is expected to be similar
or slightly improved, compared to OFDM. Regarding timing offsets, or fractional time delays
(FTDs), the OFDM is quite robust as long as the cyclic prefix is long enough to accommodate the
delay spread extended by the FTD. FBMC is expected to show higher sensitivity to FTD, but on the
other hand, it is possible to compensate significant timing offsets using the subcarrier equalizers,
after successful estimation of the FTD value. In the following, the sensitivity of scattered pilots on
the CFO, FTD, and number of transmit antennas is investigated.

The signal transmitted by antenna i is defined by
L,-1

(=Y Yd, (—l)mp(t_”geﬂ”k[m 2M]° (222)

keM,, n=—o0

and the combined received signal, assuming independent channel paths for each antenna can be

U oplip Bl
expressed as r(t)= Zeﬂ (Tt)ZC, s;(t—=7,,). (2.2.3)
p=0

i,p~i
i=1

2.2.1 Performance evaluation
The quality of scattered pilots based on the auxiliary pilot model was tested using the PHYDYAS
reference filter bank with overlapping factor K=4 and WiMAX-like parameters:

o FFT-size: 1024

e Bandwidth: 10 MHz

e Subcarrier spacing: 10.94 kHz

e Pilot pattern: DL-PUSC



ICT-212887 16 Deliverable D4.1

e 1,2 or 4 transmit antennas
0 Ideal channel
0 Vehicular A channel model (independent instances from the delay profile are used for
different transmit antennas).
e Both channel models are noiseless.

The performance metric is the mean-squared error between observed pilot value and ideal pilot value
H, ,d, , where H,  is the channel response for symbol n, of subcarrier k, and 4, , 1is the
pp "ptp p"p P>

corresponding transmitted pilot symbol value. The channel is assumed to be noise free and
stationary, so the error is predominantly due to loss of orthogonality due to CFO and FTD. For zero
CFO and FTD, the error is partly due to frequency selectivity of the channel within the subcarrier
bandwidth and the neighboring subcarriers and also due to the limited window size in auxiliary pilot
configurations. The data symbols are QPSK modulated. The total energy of each pilot/auxiliary pilot
pair is, on the average, 4.5 dB above the data symbol energy.

The pilot MSE is shown in Figure 2.2.1 as a function of CFO and in Figure 2.2.2 as a function of
FTD for 1, 2, and 4 transmitter antennas transmitting in an ideal channel. Figure 2.2.3 and Figure
2.2.4 show the corresponding results in the Vehicular A channel. Here the synchronized case is
considered, i.e., the different transmit antennas physically connected, so that the CFO’s and FTD’s
can be assumed to be perfectly matched. In this case 7, =7 and ¢, =¢,Vi. Figure 2.2.5 and Figure

2.2.6 show the pilot MSE as a function of both, CFO and FTD, in the ideal channel and Vehicular A
channel, respectively.

The residual distortion due to the limited interference cancellation window when calculating the
auxiliary pilot with (2.2.1) is seen when both CFO and FTD are 0, i.e. when the signal is perfectly
synchronized. Here the interference grows proportionally to the number of antennas used in the
MISO link. This proportion is maintained with increasing FTD, but not with increasing CFO, where
already with 1% offset of the pilot MSE converges to a similar value for different numbers of
transmit antennas. With 4 antennas in the ideal channel, a CFO of 1.5% (@ FTD = 0) and FTD of
less than 5% (@ CFO = 0) is needed to keep the error level below -20 dB. With 2 antennas, up to 7%
FTD can be tolerated. With the Vehicular A channel model, a somewhat smaller FTD can be
tolerated. Figure 2.2.5 and Figure 2.2.6 show the area in which the combination of FTD and CFO
yields an error below -20dB with both channel models.
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Figure 2.2.1. Pilot MSE as a function of CFO for 1, 2, and 4 transmit antennas. Synchronized case in
ideal channel.
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Figure 2.2.2. Pilot MSE as a function of FTD for 1, 2, and 4 transmit antennas. Synchronized case in
ideal channel.
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Figure 2.2.3. Pilot MSE as a function of CFO for 1, 2, and 4 transmit antennas. Synchronized case in
Vehicular A channel.
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Figure 2.2.4. Pilot MSE as a function of FTD for 1, 2, and 4 transmit antennas. Synchronized case in
Vehicular A channel.
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Figure 2.2.5. Pilot MSE as a function of FTD and CFO for 1, 2, and 4 transmit antennas.
Synchronized case in ideal channel. On the xy-plane the limits for the -20 dB distortion are depicted.
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Figure 2.2.6. Pilot MSE as a function of FTD and CFO for 1, 2, and 4 transmit antennas.
Synchronized case in Veh-A channel. On the xy-plane the limits for the -20 dB distortion are
depicted.

In uplink multiuser MIMO, different mobile stations are transmitting waveforms which are processed
jointly by the base-station as a multi-antenna signal. The collaborative spatial multiplexing of
WiMAX is one example of this approach. In this configuration, the different user signals cannot be
assumed to be perfectly synchronized. In Figure 2.2.7 and Figure 2.2.8, the pilot quality is expressed
as a function of the CFO and FTD difference, respectively, in the case of 2 transmit antennas in an
ideal channel and in the Vehicular A model. It is assumed here that the signal carrying the pilots is
ideally synchronized, and the other user’s signal has the given CFO or FTD, ie., 7,=0 and

g =0and 7, =7 and &, =¢in (2.2.3). Figure 2.2.9 presents again the pilot distortion with respect to

both variables and the region, in which the distortion is below -20 dB in the ideal channel case. It
can be seen that, when the transmitter with the pilots is synchronized, the distortion is lower than in
the previous case. FTD’s of 10% and CFO’s of up to almost 7% can be supported with a reasonable
pilot MSE. Figure 2.2.10 presents similar results for the Vehicular A channel model.

Desired user synchronized, collaborative user with CFO/FTD
-10

-15
-201
-25

-30

TS UM A~

-35

-407/ 7777777777777

-45
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I | —+—FTD = 10% (T/2), ldeal Channel

} —A—FTD =0, Veh-A
|

—+— FTD =0, ldeal Channel
T T T

|

4

| | |

| | |

1 1 1

1 1 1 1 1 T
0 001 002 003 004 005 006 007 008 0.09 0.1
CFO [1/subcarrier spacing]

Figure 2.2.7. Pilot MSE as a function of CFO difference between 2 collaborative uplink users. Ideal
and Vehicular A channel models.
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Figure 2.2.8. Pilot MSE as a function of FTD difference between 2 collaborative uplink users. Ideal
and Vehicular A channel models.

No Channel, desired user synchronized, collaborative user with CFO/FTD

Pilot MSE (dE)

FTD [/ %, 1/0QAM sitymbol]

CFO [1/mibsarrier spacing)]

Figure 2.2.9. Pilot MSE as a function of FTD- and CFO-difference between 2 collaborative uplink
users in ideal channel. On the xy-plane the limits for the -20 dB distortion are depicted.
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Weh-A, desired user synchronized, collaborative user with CFO/FTD
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FTD [1/E, 1/0QAM kel
[1/F, 1/OQAM subprabo]] CFO [1/subcarrier s pacing)]

Figure 2.2.10. Pilot MSE as a function of FTD- and CFO-difference between 2 collaborative uplink
users in Vehicular A channel. On the xy-plane the limits for the -20 dB distortion are depicted.

In summary, the quality of the pilots is logically affected by the synchronization accuracy. With
reasonable synchronization, the error of the pilots can be kept at an acceptable level even in the
multiantenna case, as can be seen from the results. We expect that advanced but relatively simple
equalization techniques based on multitap FIR equalizers and iterative distortion reduction will
improve the quality of the pilots when the transmitted signals are synchronous, i.e., they arrive at the
receiver with similar FTD and CFO. Also the effects of the common CFO and timing errors on the
data symbols can be compensated using the same methods as in the single-antenna case.

In cases where the multiuser elements of the MIMO-signal are non-synchronous (like collaborative
spatial multiplexing), the situation is somewhat different. Based on the above results, it is seen that
such a multiuser MIMO system is not very sensitive to the synchronization errors, allowing CFO
error of 6 % of subcarrier spacing and FTD error of 10 % of FBMC/OQAM subsymbol duration with
20 dB pilot MSE. This indicates that the zero-pilot model works well, and there are good possibilities
to estimate the carrier frequency and timing differences using scattered pilots. However, simple
methods are not expected to be effective for compensating excessive carrier frequency or timing
offsets in the collaborative spatial multiplexing case.

3 Channel Matrix estimation

To begin with, Section 3.1 presents and evaluates methods for preamble-based channel estimation.
These include the schemes reported in D3.1 [5] for SISO channels and extended here to the MIMO
case, as well as a number of new preambles and associated methods. The downlink (DL) partial
usage of subcarriers (PUSC) configuration for data and pilot allocation in the CP-OFDM system has
been adapted for MIMO FBMC in Section 3.2. In Section 3.3, a Kalman filter to track the evolutions
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of the radio channel matrix components, in the FBMC context, is proposed. Finally, in Section 3.4,
memory preloading in MIMO is presented.

3.1 Preamble based estimation

In this section, the preamble based methods proposed in [5] for SISO FBMC are extended to the
MIMO case. The first method, Pairs of Pilots (POP), relies on simple algebraic relations for the input
/ output samples in a number of (in practice consecutive) time instants. The second one, Interference
Approximation Method (IAM), aims at approximating the intrinsic imaginary interference from
neighboring pilots and hence constructing complex pilots, to accommodate the complex channel. A
number of variants of JAM are considered. In these schemes, all subcarriers are used (full preamble)
to directly estimate the corresponding channel frequency response values. One may instead activate
only part of the subcarriers, with the rest of them carrying nulls (sparse preamble), and use
frequency-domain interpolation to estimate the channel at the inactive frequencies. Four such
alternatives are considered in this section.

3.1.1 Pair of Pilots (POP)

Consider (1.2) with noise being neglected and assume H,, is (left-) invertible for all k,n
(hence N, > N,). Denote by W the (per sub-carrier) zero forcing (ZF) equalization matrix, that is,
W,, =H] ,, with H]  being the left inverse of H,, . Write (1.2) in the form W, §,, =%,, for 2N,
different (and assumed consecutive) time instants, n =0,1,...,2N, —1, assuming that the channel (and

hence W) can be viewed as invariant in this time period. Then:
R =R I ~I
Weo¥io = Wio¥io = dio

and similarly for n =1,2,...,2N, —1. Collecting these equations into one, one can write

~R ~R ~R

Yio Yir 0 Yion

[W/fo WkIO] 1 -7 ] :I:dk,() dk,] dk,zzv,,-l]
Yo Y 7 TYiown o

v,

Dy

or
[WkR,o Wk[,o ]‘N{k =D,

Assuming all symbols at times n =0,1,...,2N, —1 are known, the ZF equalizer can be computed as
[WkR,O Wkl,o] - Dk?k_l

~ (11
The channel matrix can then be found as the right inverse of D, Y, 'q } ®I, J .
; ,

Remark: The above scheme is developed along the same line with the SISO POP method [31].
Nevertheless, it must be noted that it is no longer associated to the concept of “pairs of pilots” and
the name “POP” is only used as a reminder of its SISO counterpart.

3.1.2 Interference Approximation Method (IAM)

The idea behind the IAM methods for SISO channels is to approximate the intrinsic interference
Ju, , ata pilot position (k,n), based on the assumption that contributions only come from the first-

order neighboring time-frequency points. Moreover, these contributions can be known if the pilot in
question is surrounded by known training symbols. The so-called ‘pseudo-pilot’, )Lckﬂn =d,,+ ju,,,



ICT-212887 24 Deliverable D4.1

can then be constructed and used as a complex pilot to estimate the channel frequency
response: A, = 7, /%, -

3.1.2.1 IAM-R
Consider first the IAM2 variant of the IAM method [6][31], which consists of choosing the

neighboring training symbols in such a way that |X, | is maximized, in order to minimize noise

enhancement. Moreover, [6] suggests that the FBMC symbols at times n— 1,7+ 1 be set to all zeros,

so as to null any interference from those symbols (and hence simplify the task of properly selecting
the training symbols of interest). Such a training input was provided in [6] for SISO channels, based
on the configuration of the first-order neighborhood of a given time-frequency point (ko,no) which

turns out to be as follows for odd n,:

>
n
) -f 0
-y (kysmy) ¥
o p o

with the contributions from neighbbring points satisfying| ;/| > | ﬂ| > |5| . Since the preamble structure

is such that (nonnegligible) interference only comes from the points (k, — 1,7, ),(k, + 1,1, ), it suffices

to choose the corresponding training symbols so as to have different signs, thus maximizing their
contribution to the resulting pseudo-pilot modulus. A preamble that satisfies this requirement is built
for a SISO channel using alternating pairs of 1’s and -1’s for the middle FBMC symbol, as shown
below for the example of M =8, with QPSK modulation:

0 10
0 -1 0
0 -1 0
0 10
0 10
0 -1 0
0 -1 0
0 10

(3.1.1)

Let us consider extending that scheme to the MIMO case. For the sake of simplicity, consider the
case of two transmit antennas. The first antenna can use the same preamble employed in the SISO
case, but with a repetition. An example for M =8:

0 1

-1

-1

S O O O O O O
—_—

S O O O O O o O
—

S O O O O O o O
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At the second antenna, use the same preamble, but change the signs in the second column of+1°s.
For the above example:

0 1 0 -120
0 -1 0 10
0 -1 0 10
0 1 0 -1 0
0 10 -120
0 -1 0 10
0 -1 0 10

0O 1 0 -10
Assume, moreover, that the channel is invariant in this time period. Write then (1.2) at timesn =1,3:

[yk,l yk,3:| = Hk,l |:)~Ck Xk:|+ |:']k,1 nk,3:|

X %

11
:H,ﬂ,i{l _J+[m1, ]

where the “pseudo-pilot” X, can be pre-calculated as in the SISO case. An estimate of the channel
matrix at the sub-carrier & can then be computed as

R 11! 11
H,, = [yk,l Yis ])?LL _1:| =H, + [nk,l Ny s ]%L _J (3.1.2)
k k

In view of the fact that the matrix L } is unitary, noise enhancement is again controlled by the

magnitude of the pseudo-pilot X, .

Remarks:
1) The above IAM scheme requires, for an N,x N, system, 2N, +1(real) training FBMC
symbols (that is, for square systems, one more than POP).
2) The preamble is easily generalized to the N, x N, case with N, a power of 2: Select the signs

so that a Hadamard matrix results. Thus, for N, =4, we can choose the signs in the antenna

outputs so as to get e.g. the following matrix in (3.1.2):

1 1 1 1
1 -1 1 -1
1 1 -1 -1
1 -1 -1 1

It is of interest to note that a similar preamble structure, based on a Hadamard matrix, has
been also used in IEEE 802.11n for channel matrix estimation [34]

3) One can consider three different patterns for preamble training (see, e.g., [33], Section 5.7,
for MIMO-OFDM): independent (one antenna at a time), scattered (transmitting at different
frequencies), and orthogonal (transmitting orthogonal signals at the same times and
frequencies). The preamble proposed above belongs to the third category. The second
category is treated later on in this section.

4) Eq. (3.1.2) relies on the assumption that the prototype filter is sufficiently well localized in
time so that interference from times other than the previous and next is negligible. If this is
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~1 ~1
. o ) X X o~y o
not the case, the ‘pseudo-pilot’ matrix in (3.1.2) should instead be {N'; N';} with X/ (in
Xe o T X

general X, # X, ) corresponding to the p th transmit antenna.

3.1.2.2 IAM-I

In the previous training scheme, all pseudo-pilots X, , =d, , + ju,, are complex, with modulus

2
=d;, +u;, and|u,,|=2|6]. A modification to this scheme, aiming at further

squared equal to ‘)?k,n
increasing this modulus, was proposed in [34]. The idea is to use imaginary pilot symbols, jd, , , at
certain frequencies in order to result in purely imaginary pseudo-pilots, j(d jon Tl ), with modulus
squared (d on T U )2 =d;, +u;, +2d,,u,,. The latter is increased compared to IAM2, provided
that d,_,,.d, ,.d,.,, are so chosen that d, ,u,, is positive. The new scheme is called IAM-I, to

signify the presence of imaginary pilots, as contrasted to the use of only real pilots in IAM2, called
IAM-R henceforth.

With the preamble proposed in [34], imaginary pseudo-pilots will result in only one third of the
subcarriers used, whereas the rest of the subcarriers will deliver complex pseudo-pilots. With a slight
modification, one can overcome this and obtain pseudo-pilots that are either pure imaginary or real at
all the subcarriers. Simply set the middle FBMC symbol equal to that in (3.1.1) with the pilots at the
odd subcarriers multiplied by j . For the M =8 example, this will result in:

10
—J
-1
J
1
—J
-1
0 j O
This preamble can easily be extended to the MIMO case in a manner analogous with IJAM-R.

S O O O O o O
S O O O O O

Remark: The above preamble is, strictly speaking, not OQAM. Nevertheless, it can still be fed to the
synthesis filter bank and perfectly reconstructed at the analysis bank.

3.1.2.3 Averaged IAM-I (alAM-I)

Assuming that the channel frequency response is almost invariant beyond the first-order
neighborhood, one can try to improve the estimates obtained by IAM-I through an averaging
procedure. For example, using a second-order neighborhood centered at(k,n), the corresponding

A

Hk—l,n + Hk,n + Hk+1,n

3
as previously. This method, called henceforth alAM-1, can also be seen to be equivalent to summing
the corresponding received samples and dividing by the sum of the corresponding pseudo-pilots.

where the three estimates have resulted

channel estimate will be computed as
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3.1.3 Using sparse preambles

3.1.3.1 Estimation based on only one subcarrier set

In WiMAX, the subcarriers in the preamble are divided into three sets, one for each sector in DL-
PUSC with segmentation (cf. Section 8.7 in [33]). In each sector, only one of these sets is active,
modulating every third subcarrier [36]. For example, for the first sector, only subcarriers 0, 3, 6, ...
are modulated, while the rest of them are nulled. We have tested this scenario in our experiments,
using the same preamble as previously at the active frequencies and employing linear interpolation to
determine the channel at the inactive ones.

3.1.3.2 Using as many frequencies as channel taps
Alternatively, one may use only L, subcarriers, with L, being the channel length (or an upper

bound). It is well known that, in OFDM, these L, pilots should be equispaced and equipowered

[36][37][38]. The same principle was used in our experiments for FBMC/OQAM. Note that, in the
practical case of L, << M , there won’t be any intrinsic interference among these pilots and hence the

estimation can be performed in the same way as in CP-OFDM. Let H”? contain the frequency
response values of the channel from transmit antenna p to receive antenna ¢, estimated (as

previously) at the L, active subcarriers. Then the corresponding impulse response can be computed
as h”? = F,'H"”?, where F, isthe L, xL, submatrix of the M th-order DFT matrix built from its

h

first L, columns and its L, rows corresponding to the used subcarriers.

3.1.3.3 Using Frequency-Division Multiplexed (FDM) pilots

In all of the schemes presented above, the transmit antennas transmit simultaneously at the same
frequencies. Moreover, at least as many nonzero FBMC symbols as transmit antennas are included in
the preamble. An alternative preamble-based training pattern consists of sharing the subcarriers
among the antennas, as suggested in [39]. This kind of preamble training has been known as
frequency-division multiplexing (FDM) [40] and results in a preamble of a shorter duration. FDM
allows, for a given receive antenna, to separately estimate the channels from each of the transmit
antennas. The frequency response values at the inactive frequencies are found via interpolation in the
frequency direction.

This subsection focuses on the example of two transmit antennas, with the first antenna transmitting
on the even and the second on the odd subcarriers, for the duration of one symbol. Active subcarriers
carry randomly chosen real symbols. Consider first cyclic prefix based OFDM (CP-OFDM) and let
the preamble symbols be chosen as 4,,0,4,,0,...,0,d,, ,,0 and 0,d,,0,d,,...,0,d,, , for the first and
second antenna, respectively, with reald,’s. Then the received samples at the gth receive antenna
can be written as
)i = Hd, +n!, keven
“ O \HXd, +n!, kodd
whereby one can easily compute the two channels at the active subcarriers and then interpolate for
the rest of them.

The same preamble is used in FBMC/OQAM, preceded and followed by all-zero symbols as
previously (i.e., 1.5 complex symbols in total). Then one can write for the received signal at the g th

antenna:
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o d, 0 - 0 pd, 0 o —pd, 1 HYE T [ g
)N/zq 0 dz 0 _:Bdl :Bda 0 H;’q 772q
V-2 _ 0 0 dy_» 0 0 - pd,, ) H;/}qu + M
qu _ﬂdo ﬂdz 0 dl 0 0 Hl2,q 771(]
ol o —p 0 0 a4 0 ||ma]| | g
_)N/Aq,l,l_ L pd, 0 e = pd,y, 0 o - dy | _Hszl_ _771(\1471_
| — %,—J | —
¥ Dy HY 4
or
y'=D,H" +7’, (3.1.3)

where H? contains the frequency responses of the channels from the first and second transmit
antennas to the gth receive antenna at even and odd subcarriers, respectively, and

b L, B |[D, 0|
B H
B 1,,/|0 D,

b

with B denoting the M /2 x M /2 circulant matrix

B 0 0 - —f

-8 p 0 - 0
B=| 0 -8 B - 0
0 0 0 - fg]

2

and De:diag(do,dz,...,dez), D, :diag(dl,dp...,del). Again, one can compute H? from

(3.1.3) asH? = D;i", qg=12,...,N_, and use interpolation in the frequency axis to estimate the

ro

channels at the missing subcarriers.

3.1.3.4 Optimal one-symbol preamble

An alternative to FDM pilots, while still using one symbol per antenna, is to use only a set of
subcarriers (the same for all antennas) with the pilot symbols so chosen as to achieve orthogonality
among the transmitting antennas. Such a preamble training scheme was proposed in [41] for MIMO-
OFDM and was shown to result in a least squares (LS) channel estimate of minimum MSE. When
transmitting nulls (instead of data) at the remaining subcarriers and hence no interference results for
the pilot tones, this scheme can be extended to FBMC/OQAM in a straightforward manner; namely,
by preceding and following the pilot symbol with all-zeros symbols, as previously.

Let N = M be an integer', greater than or equal to N, 2 Consider N, sets of L, pilots each, placed
h

at subcarriers {Pp,Pp +N,P,+2N,....P +(L, - I)N}, p=1L12,...,N,, with user-chosen starting

0

' If not, one can use for Lh the smallest power of 2 that is not smaller than Lh , that is, ZHOgZ L .
* The latter has to be true anyway, since the number of unknown parameters ( N /N _L,) cannot exceed the number of

received signals (MN,).
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positions R,P,....P € {O,l,...,N —1}. Thus, the pilot subcarriers within each set are equispaced.

Moreover, the pilot symbols are chosen to be equipowered.

Let ) = [y{, Yo, o i;(L]Fl)N]T, with §, = [)7; SRR A ]T , contain the received signals

at the P th pilot-tone set. Then one can readily verify that

v =D{”F, Wh" + D{"F, W"h* +...+D{’F, W"h"
(3.1.4)

where
D =diag(df,dl. s s dly 1y )®T, s

with d again denoting the pilot symbol transmitted at frequency 4 from antenna p,
F, =F(I:N:M,1:L)®I, ,

with F(1: N:M,1:L,) being the submatrix of the M th order DFT matrix consisting of its first L,
columns and every N th of its rows,

W = diagl,w" W, W)
2r
with W =e ' denoting the M th root of unity, and h”" contains the impulse responses of the
channels from transmit antenna p to all receive antennas. Then one can compute an estimate for the

impulse response h by solving the N,N L, x N,N L, system of equations

-1 [ DBF w® BF W BF wWh) - 7
§o DVF, W D{VF, W .. DUF, W | [
§» ) D{Pz)FLh w® Dng)FLh w®R DEVI?)I—;Lh W || X n®
U N N, NOT N, NI N, Nes Ni
y(R,) Diﬁl)FL W(Pr) D;P’)FL W(P,) DS\I:')FL W(P’)J h 1](P )
L\[—j L h h t h T c =
y C n
or
y=Ch+n (3.1.5)
A sufficient condition for the matrix C above to be unitary is that df =dj,, =---=d},, ), forall
P, p and the matrix
[ dy di - dy T
dl d2 . dN,
p=| * > . 7
d;y dﬁv dﬁ';
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1 1
be unitary. For example, withM =8, N, =2 andL, =2, we have N =4. Choosing D= L J

and B, =0, P, =2, the (nonzero) symbols at the two transmit antennas will be

_ O =k O =k O =
(e

-1
0 0
Clearly, the above analysis holds only if N is sufficiently greater than N, and the prototype filter is

sufficiently well localized in frequency so that one can ignore interference among pilot tones.
Moreover, the corresponding noise signals can then be considered as being uncorrelated and LS
channel estimation attains the minimum MSE.

3.1.4 Simulation results

We have simulated the above schemes for 2x2 systems. The channel taps are modeled in
accordance with the Kronecker model [42], that is

H[m] = R,”’[m]H, [m]R,*[m]
where the receive and transmit correlation matrices R [m],R,[m] are generated according to the
exponential model [44][33], and H [m] is a matrix of 1.i.d. zero mean circularly symmetric
Gaussian entries with their variance following a given (Veh-A or Veh-B) power delay profile.

CP-OFDM is also included in the comparisons. The CP used is of the minimum length, i.e., equal to
the channel order. QPSK modulation is adopted.

3.1.4.1 Full preambles

The training input for CP-OFDM is chosen to be orthogonal among the antennas [44], following the
same pattern as above. For example, with 2 transmitting antennas and M =4 subcarriers, the two
antennas will send

I 1 I -1
-b-l and -1 1.
I 1 I -1
-1 -1 -1 1
The same preamble was used by POP, albeit in the real/imaginary OQAM format. That is:
1 0 10 1 0 -1 0
-1 0 -1 0 -1 0 10
and .
1 0 10 1 0 -1 0
-1 0 -1 0 -1 0 10
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As expected, POP exhibited a quite bad performance (significantly worse than that observed in the
SISO case (D3.1) [5]). There was no noticeable difference in the results when a random preamble
was used. Therefore, POP will not be further considered in our comparative study.

200 channel realizations were wused in all the experiments. The relative MSE,

namely E[ HH—I:IH2 /||H||2} , 1s plotted, with respect to the per-receive antenna SNR. Note that, in

each experiment, all preambles are appropriately scaled so as to result in the same power for the
channel input. Noise power is then varied to obtain the SNR range. The abscissas represent the
average SNR per receive antenna at the channel output. Notice that the energy wasted in the CP for
CP-OFDM was taken into account when computing the corresponding SNR. Weak spatial
correlation was assumed for both transmit and receive fading.

2x2 channels of the Veh-A and Veh-B types are considered in Figure 3.1.1. In Figure 3.1.1(a)-(d),
perfect reconstruction (PR) filter banks are used, with K =3 and M =256 and 512, respectively.
Results from using the PHYDYAS reference filter bank [17][38] with M =1024 andK =3 are
depicted in Figure 3.1.1(e), (f).

2x2, Veh-A, K=3, M=256 2x2, Veh-B, K=3, M=256
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s G e e -+ | i 3CP-OF DM ;
) g
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w - %3]} ' : ' : : ' :
= S sl R S S
: == CP-OFDM || i | ’ | i
-30 | == ACP-OF DM [ ;
IAN-R | |
35 == AN ; :
: : : : : ‘ : : alAh-| : : ‘
. | | | | | | | | . I I | | |
BTS00 5 0 25 30 3 40 W5 10 15 20 25 30 35 40
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(a) (b)
2 x2, Veh-A, K=3, M=512 2 x2, Veh-B, K=3, M=512
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5 10 15 20 25 30 35 40 0 5 W 15 20 25 20 35 40
SNR (dB) SNR (dB)

() (d)
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2x2, Veh-B, K=3, M=1024
' ' ! | [—¥=cP-orDM

2 x2, Veh-A, K=3, M=1024
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Figure 3.1.1. MSE performance for 2x2 Veh-A and Veh-B channels. PR filter banks with (a), (b)
M=256 and (c), (d) M=512. (e), (f) PHYDYAS reference filter bank, M=1024. K=3 in all cases.

It 1s observed that the IAM-based schemes perform significantly better than CP-OFDM only at
sufficiently low SNR values. The well-known (from SISO systems) error floor of IAM at high
SNR'’s is observed here too, due to the unavoidable intrinsic interference, which shows up at the

weak noise regime.

The crossing point, where CP-OFDM starts outperforming the FBMC methods, is, as expected,
moved to the right as the number of subcarriers increases, with fixed overlapping factor. This is
particularly noticeable for channels of higher frequency selectivity (Veh-B). As one would expect,
the improvement over CP-OFDM also increases with increasing K (see Figure 3.1.2 for an

example).

2x2, Veh-A, K=2, M=512 2x2, Veh-A, K=4, M=512

I I
- : : : i [ =w=cP-OFDM
Sre” A A {77 i aCP-OFDM []

T I T
== CP-OFDM
= aCP-OFDM [T

IAM-R RTe] Wi IAM-R
== AR i ' H ' B ' == AN
AG e S R alANL|

MSE (dB)
MSE (dB)

i | i 1 1 i
5 10 15 20 25 30 35 40 SNR (dB)

_450 1 1 1
SNR (dB)
(a) (b)

Figure 3.1.2. Effect of overlapping factor: 2x2 Veh-A channels. PR filter bank with M=512 and (a)
K=2, (b) K=4.

For the sake of the comparison, CP-OFDM with averaging in the frequency domain (aCP-OFDM)
was also tested. It is seen to generally perform similarly with IAM-R, for Veh-A channels. For Veh-
B channels, where the assumption of locally flat frequency response is no longer valid, its
performance deteriorates similarly with that of alAM-I. The averaged IAM-I scheme exhibits a
significant performance gain with respect to all the other methods, at practical SNR values, in Veh-A
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channels. We have not observed any significant effect of the fading correlation strength on the
estimation performance.

3.1.4.2 Sparse preambles
The following figures depict the estimation accuracy resulting from using one carrier set with the
other two being zero (Figure 3.1.3), a set of equispaced and equipowered L, pilots (Figure 3.1.4), and

a single-symbol preamble with FDM pilots (Figure 3.1.5). The results are for 2 x 2 Veh-A channels,
for both CP-OFDM and FBMC/OQAM, using random QPSK symbols.

PR filter banks of size M =512and the PHYDYAS reference NPR filter bank with M =1024 are
used. The overlapping factor is K = 3in all cases. Linear interpolation is carried out with the aid of
the Matlab function interpl. The CP-OFDM transmitted signal was again scaled in each
experiment so as to be of the same power with the channel input in the corresponding FBMC/OQAM
system.

It is seen that FBMC/OQAM offers a significant improvement in estimation accuracy, for low and
moderate SNR values. With the exception of Figure 3.1.6, one can see that, at high values of SNR,
the well-known error floor again prevails and FBMC/OQAM is then outperformed by CP-OFDM.
As expected, the crossing point is moved to the right as the number of subcarriers increases. With the
optimal one-symbol preamble (Figure 3.1.6), there is no significant interference neither in frequency
nor in time® direction, hence the error floor is not an issue. Moreover, although only 1.5 complex
symbols are used, the obtained estimation performance is significantly better than all the other

schemes considered.

2x2, Veh-A, K=3, M=512 2x2, Veh-A, K=3, M=1024
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(a) (b)

Figure 3.1.3. Preamble with only one active carrier set: 2x2 Veh-A channels. (a) PR filter bank with
M=512, K=3. (b) PHYDYAS reference filter bank with M=1024, K=3.

3 In practice, there will be some interference from the symbols following the preamble. This can be greatly reduced by
using two zero symbols instead of one at the right-hand side of the preamble. In view of the fact that a guard time interval
(as in WiMAX [33]) will be present between frames, the left-hand side zero symbol could be omitted, thus keeping the
preamble length the same.
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Figure 3.1.4. Using only L, pilots: 2x2 Veh-A channels. (a) PR filter bank with M=512, K=3. (b)

PHYDYAS reference filter bank with M=1024, K=3.
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Figure 3.1.5. FDM preamble for 2x2 Veh-A channels. (a) PR filter bank with M=512, K=3. (b)

PHYDYAS reference filter bank with M=1024, K=3.
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Figure 3.1.6. Optimum preamble for 2x2 Veh-A channels. PHYDYAS reference filter bank with
M=1024, K=3.
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3.2 Adaptation to WiMAX DL-PUSC communication mode

The general frame structure in WiMAX systems for the TDD scheme can be found in [7]. To ensure
compatibility, these principles should be taken as basis for framing within PHYDYAS. As explained
in [7], WIMAX offers three different subcarrier permutation schemes. First, the Full Usage of the
Subcarriers (FUSC) scheme allocates first the pilots on fixed positions, and the remaining subcarriers
are used to transmit the data. On the other hand, Partial Usage of the Subcarriers (PUSC) and Band
Adaptive Modulation and Coding scheme (henceforth referred to as AMC), divide the whole frame
(excluding the Preamble, the frame control header (FCH) and downlink/uplink maps (DL/UL-
MAPs)) into minimal data units, named slots, where dedicated pilots and data are jointly allocated.
Each slot is defined as a 2-dimensional unit which spans in both frequency and time directions. This
section describes different slot definitions as a function of the permutation scheme described in [8]
and [9], and how the dedicated pilots are inserted in the case of a multiple antenna transmitter.

3.2.1 A general overview of pilot allocation structures in WiMAX systems

The transmission of the preamble and the control channels in SISO case (i.e. FCH, DLMAP and
ULMAP) shall be performed from only one antenna (Antenna 0) using the PUSC scheme, while
applying transmit diversity shall be performed considering any of the schemes resumed hereafter.

3.2.1.1 Pilot and data allocation for the PUSC permutation scheme (Downlink)

For the PUSC permutation scheme, the set of used subcarriers is divided into clusters. Pilots and data
carriers are allocated within each cluster. Each cluster is formed by 14 adjacent subcarriers where 2
subcarriers are dedicated to pilots. In case of single antenna transmission, the position of the pilots is
changed between odd and even symbols. In case of two and four transmitting antennas, the pilots are
placed as defined in Figure 3.2.1(a) and Figure 3.2.1(b), respectively. In both cases, the pilot pattern
allocation has a period of 4 OFDM symbols. For the 4 transmitting antennas case, one can observe
that pilot subcarriers for antenna 2 and antenna 3 override data subcarriers, hence the puncturing rate
in case of convolutional coding (CC) or the data truncation rate in case of convolutional turbo coding
(CTC) must be modified accordingly.

OFDM Symbols V?FDM Symbols
5| g9ngesnces 18983895329
2| ©ODOOOO0O00 2 \O000
Y 0000000000 2y OO00 000000

Data subcarriers O
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Data subcarriers O O “®. ‘|®|. O Pilot Carrier for antennal O 8 :@: :@: 8

ilot Carrier for antenna . OOOO OOOO OO ilot Carrier for antenna
lI)’ilot (éarrier for antennzl(l) O OOOO OOOO OO ]:)jllm((:jarriertfor antennai 9 OOOO OOOO OO
0000 00OQ0O0 00Q000Q0O00
OO o) 0@0 o@o o)
0000000000 00 OO OO
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@o Q0e0Q
O0O0O0 000000 OO0 OO0
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Figure 3.2.1 Cluster structure for STC downlink PUSC using 2 antennas in (a), and 4 antennas in (b).

The shape of one slot in the PUSC scheme is 2 clusters in frequency direction and two OFDM
symbols in the time direction. Hence, the number of data subcarriers is 48. Due to subchannel
permutation the clusters are transmitted at distant positions in the spectrum, although each cluster is
transmitted as a whole in adjacent subcarriers. Consequently, the PUSC permutation scheme
increases frequency diversity.
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3.2.1.2 Pilot and data allocation for the PUSC permutation scheme (Uplink)

In the uplink case, the PUSC permutation scheme divides the uplink frame into structures of 4
subcarriers lasting for 3 OFDM symbols. This structure, formed by 12 subcarriers (4 pilot subcarriers
and 8 data subcarriers), is referred to as a tile.

In order to obtain one slot, 6 tiles are packed together in frequency, thus giving the required 48 data
subcarriers. In case of two transmit antennas, the pilots are located for each antenna as shown in
Figure 3.2.2. The case of four transmitting antennas is not considered within the IEEE 802.16¢
standard [8].

Subcarriers

@)

@

Data subcarrierso O
Pilot Carrier for antennao. O
e

O

@)

Pilot Carrier for antennal

00000000
0000e000

Figure 3.2.2: Cluster structure for STC uplink PUSC using 2 antennas.

3.2.1.3 Pilot and data allocation for the AMC permutation scheme (Downlink and Uplink)

The AMC permutation scheme is characterized by mapping adjacent subcarriers to each slot. By
doing so, although frequency diversity is minimized, the use of adaptive modulation and coding may
lead to great benefits by transmitting for each user on those bands where the channel experiences
favourable conditions. For this permutation scheme, a smaller resource unit defined as nine
contiguous subcarriers is used. This basic allocation unit is referred to as a bin. Each bin contains one
pilot subcarrier (whose position is changed every OFDM symbol) and 8 data subcarriers. There are
four types of AMC slots. The first is given by the collection of 6 consecutive bins (hence a 6x1
structure), the second has a 2x3 structure, and the third and the fourth are given by the 3x2 and the
1x6 structures.

3.2.1.4 Pilot and data allocation for the FUSC permutation scheme (Downlink)

For the FUSC permutation scheme, the symbol structure is constructed using pilot, data and zero
subcarriers. Pilots and zero subcarriers are first allocated. The remaining subcarriers are then used as
data subcarriers. 48 data subcarriers are later mapped to each subchannel. The subcarriers from each
subchannel map to physical subcarriers placed equidistantly in the spectrum. For the FUSC scheme,
one slot is defined as 1 subchannel per 1 OFDM symbol, thus giving the 48 data subcarriers.

In case of multiple transmitting antennas, the sets must be shared. Figure 3.2.3 and Figure 3.2.4 give
an example of the location of the pilots within one cluster for two and four transmit antennas,
respectively. As observed in both figures, the position of the pilot symbols from the variable set
change each two OFDM symbols.
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Figure 3.2.4: Cluster structure for STC FUSC using 4 antennas.

3.2.2 Filter bank multicarrier adaptation to WiMAX DPUSC structure

In OFDM systems to estimate the channel at a given frequency-time position (ko,n9), a complex pilot
is transmitted at this position. At the receiver side the channel estimation is carried out by dividing
the demodulated signal with the pilot’s value which is considered known at the receiver. As it has
been noticed, in FBMC/OQAM each subcarrier carries a real valued symbol but the density of the
time-frequency lattice of sub-carriers is twice greater than in the classical OFDM, which means
Totam=2 70 Where 75 being the FBMC/OQAM symbol duration [49].

The downlink (DL) partial usage of subchannels (PUSC) configuration for data and pilot allocation
in the CP-OFDM system is adapted in Figure 3.2.1(a) and Figure 3.2.1(b) for 2 antennas and 4
antennas, respectively. Figure 3.2.5(a) and Figure 3.2.5(b) show the specific associated configuration
for an FBMC/OQAM system.
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Figure 3.2.5: Cluster structure for STC PUSC adapted to FBMC using 2 antennas in (a), and 4
antennas in (b).

Let us consider the case where a communication system uses N, antennas at the transmitter and N,
antennas at the receiver respectively. We assume that the filter bank configuration is that presented in
[49] and used in [5]. Assume moreover, that the OQAM system is properly dimensioned, i.e. such
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that the channel may be considered as invariant in a first-order neighborhood around the pilot
antenna position (ko,np) within each antenna transmitted communication frame.

Under the assumptions of low frequency selectivity for channel and a perfect time-frequency
localization of the PHYDYAS reference filter bank in [49], the received signal at the N, received
antennas can be expressed as (1.2), where %/, =d/, + ju’, is the AFB output from the p-th transmit
antenna, with d/, being the corresponding input symbol (primary part) and ju;, the intrinsic

interference from the surrounding time-frequency points (the secondary part). The latter is built out
of the contributions of the neighbouring points [6]

3.2.2.1 Using the Pair of Pilots (POP) concept

The POP channel estimation method was investigated for the SISO case and based on the insertion of
pairs of real-valued pilots (POP) at positions known at the receiver. In practice one can consider
successive time positions having the same subcarrier index and where the channel is quasi-invariant.
We extend and adapt the same principle to the multiple antennas case. Consider (1.2) with noise
component neglected, for the case that N;> N, .

Denote by (k, n) and (k, n+1) two reference pilot positions. Then, we have:

S]E{CZ = HE:Z (dk,n + juk,n)
S}E:jr)ﬁl = HE:,::H (dk,rHl + juk,rHl)
with channel component H{) =H;, +jH,, at the pilot antenna frequency-time position (k ,n),

superscript ¢ means “complex value”. The samples received at the N, receive antennas will be
expressed as,

~(o)1 (o)Ll (c)2,1 (©)N,,1 ] 1 .1
yk,n Hk,n Hk,n Hk,n dk,n +Juk,n
~(c)2 (o)1,2 (€)2.2 (¢)N, 2 2 )
5’,(") _ yk,” _ Hkqn Hk,n Hk,n dk,n + Juk,n
kn : - . .
~(c)N, (c)L,N, (¢)2.N, (¢)N,,N, N, . N,
yk," Hk," Hk,n Hk,n i dk,n + ]uk,n
and
~(c)l (o)Ll (©)2.1 (N1 1 .1
Vi Hn  HS 0 H Ay T T
~(c)2 (e)1,2 (€)2,2 (¢)N, 2 2 )
5,(0) | Yk | Hn  Hw Hy Ay F T (3.2.1)
kantl — . = . . e
~(c)N, (¢)L,N, (¢)2.N, (¢)N,.N, N, . N,
yk,nH Hk,n+1 Hk,n+l Hk,n+1 _dk,n+l +]uk,n+1

Let that value C be the ratio between the imaginary and the real part of each H ,E‘Z, Le.

H =H; +jH,,,C=H, /H} Taking the real and imaginary part of each equation in (3.2.1), we
obtain:

Yf,n = Hf,ndk,n - (Hf,n ® C)uk,n

Yo, =H{, ®C), , +H{ u,, (3.2.2)
Y/[:,ml = Hf,n+1dk,n+l - (Hf,n+1 ®Cu, ,,,

yllc,n+l = (Hllf,m ®C)d, ., + Hl}:,muk,m

Assuming that the channel is invariant, we may set H'

k,n+1

=H{" . Then by combining the above

equations we are able to compute the values of C, and therefore estimate the coefficients of the
channel H{) =H;  + jH;,
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For the SISO case this method does not require any knowledge of the prototype function in (3.2.2)
and it can be used for preamble-based channel estimation [6], and even for the MIMO case. In
presence of noise we will have,

(RS s ((9) .
Yinn =H 0+, )+,

{ygf,i = chc,i (dk,n + juk,n) + 1]n,k

As in (3.2.2) following the real and the imaginary decomposition of the received signals an estimate
for matrix C is obtained this time corrupted by the noise component. As in the SISO case in [6] it
could be observed that the quality of the channel is directly linked with a certain vector v [5] which
has a random behavior. If the power of v is high, the estimation will be good enough but if it is

closed to zero, the noise is enhanced and the results will be poor.
2X2, 16 QAM, K=4, M=1024
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Figure 3.2.6: FBMC 2x2 performances vs CP-OFDM for Veh-A & Veh-B at 60Km/h, using adapted POP
method to downlink PUSC. PHYDYAS reference filter bank; M=1024, K= 4, and 16 QAM modulation
using ZF.

It can be seen in Figure 3.2.6 that the POP scheme adapted for MIMO FBMC exhibited a
performance worse than the CP-OFDM schemes for both channels, Veh-A and Veh-B. A similar
strategy for the pair values of (0, + 1) for pilots have been adopted as in [5] for each antenna pilot
pattern. Although a performance degradation is experienced by the CP-OFDM scheme in the Veh-B
channel, the POP scheme still yields worse results in the Veh-A channel. Therefore, POP will not be
considered for the PHYDYAS filter bank multicarrier system due to its bad performance compared
with the conventional CP-OFDM scheme.

Note that referring to the downlink PUSC scheme, the advantage of the preamble has been taken into
account, and the received signals are assumed perfectly synchronized. The interpolation process is
carried out using two dimensional linear surface interpolation within the areas limited by the carriers
and the symbols with pilot supports (as the Matlab function griddata is used). The remaining carriers
and symbols are estimated using linear extrapolation. The simulations are run over 600 channel
realizations. Note that a weak spatial correlation was assumed for both transmit and receive fading.

3.2.2.2 Using the adaptation of auxiliary pilot scheme
In the downlink PUSC mode illustrated in [5] for the SISO case, whether a regular placement of

auxiliary pilots is adopted and the wider window of the filter bank components is used in the
auxiliary pilot calculations. In case an auxiliary pilot is in the window of another auxiliary pilot,
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recursive calculation of auxiliary pilots would be required, which may be somewhat inconvenient.
However, by using a slightly modified pilot scheme, this difficulty can be avoided, and each of the
auxiliary pilots can be calculated independently of the others. In the modified scheme presented
below, the pilots are introduced using specific positions of pilot and auxiliary pilot per transmitted
antenna as illustrated in Figure 3.2.7.

The transmultiplexer response ¢, is known from the filter bank design. If the prototype filter is

designed with good frequency selectivity and roll-of factor o < 1, the range includes £ and both
adjacent subcarriers, k —/ and k+1, in the frequency dimension. The range of n is [n-K, ntK]
subcarrier samples with the typical overlapping factors (K) of 3 or 4.

As in [5] the auxiliary pilot position is denoted in the following as (k,n,) and the auxiliary pilot is
chosen in such a way that the secondary part of the pilot sample becomes zero. In the MIMO case
this can be achieved by choosing the auxiliary pilot as

i
Z dk',n'tk—k',n—n'

(k',n")e Qpan
(k',n")#(k,n)
TR G BN

ka STy

tk—ka n—n,

where superscript i corresponding to the i-th transmit antenna, and Qay a, 1S the set of neighbouring
symbol positions which have a significant effect on the pilot symbol at (k,n) frequency-time position.
Note that it is preferable to choose the auxiliary pilot in such a way that the magnitude of the
denominator is maximized. In typical filter bank designs, including the PHYDYAS reference filter

bank, the choice for the auxiliary pilot (k,n,) is the sample immediately following the pilot, i.e., (k
,n+1) or (k,n-1).
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Figure 3.2.7: Pilot and pilot support (auxiliary pilot) allocation in FBMC for downlink PUSC pilot
pattern, for 2 antennas.



ICT-212887 41 Deliverable D4.1

2X2, 16 QAM, K=4, M=1024
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Figure 3.2.8: FBMC 2x2 channel estimation performances for Veh-A at different MS mobilities (60
and 120 km/h) using adapted auxiliary pilot method (Figure 3.2.7) vs. conventional CP-OFDM.
PHYDYAS filter banks references; M=1024, K= 4, DPUSC, and 16 QAM modulation using MMSE
and ZF.

In Figure 3.2.8 the received signals are assumed perfectly synchronized and not taking advantage of
the downlink preamble. It can be observed that the use of the auxiliary pilot method in FBMC system
outperforms the conventional CP-OFDM system. For the Veh-A channel case with 60Km/h the
FBMC with Minimum Mean Square Error (MMSE) equalization clearly outperforms the CP-OFDM.
Even using the zero forcing (ZF) equalization the performances are lightly better than the OFDM
with ZF. The adapted approach in [4] and [5] eliminates the secondary interference from the

neighbouring symbols onto a pilot antenna to perform pilot based channel estimation in an MIMO
FBMC/OQAM system.

3.2.2.3 Using the Interference Approximation Method (IAM)

We have extended the concept to the MIMO case having two antennas at the transmitter (Figure

3.2.9(a) and .9(b)). As it can be seen in Figure 3.2.9 , for any pilot carrier symbol dy located in the
middle, ¢, , and 4, , , are also part of the pilot carrier allocation and hence the secondary part can
are here named as “Adided Pilot Carrier” (APC) as they aid the

middle antenna pilot carrier 4, , to obtain an approximation of the interference due to the filter bank.

+1

be approximated. 4, ,  and d

ko,ng+1

The TAM method is based on the assumption that the contributions come only from the first order
neighboring time-frequency points. Note that for the structures presented in Figure 3.2.9 we are
dealing with a partial interference approximation as not all the interferences (€, ;) that affect the pilot
dy , are estimated. Here we are confined with the information from the (%, n-1), (k, n+1), (k -1, n), and
(k +1, n) neighboring time-frequency positions (see Figure 3.2.9(b)).

We focus on the case where the pilot’s positions (k, n-1), (k, n+1) for each antenna are forced to
zero, forcing the largest interference weights caused by the PHYDY AS filter bank contributions

(IW knt1|=|W £0-11=0.5644) to zero. The interference weights at the frequency-time positions (ko-1, no),
and (k+1,n) 1S |W g1 2/=|W #+1.,/=0.2393 have relative lower value. This approach allows to maximize
the modulus of the resulting pilot and hence to minimize the noise effect.
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Figure 3.2.9: Pilot and pilot support using the IAM concept for FBMC in DL-PUSC using 2
antennas: (a) reserved allocation for pilots, (b) pilot and aided pilot carrier (APC) positions.

Figure 3.2.9(a) ) presents the FBMC DL-PUSC adaptation for two antennas using the IAM concept,
while Figure 3.2.9 (b) stand out the positions of the APC pilots for each antenna. Note that based on
Figure 3.2.5(b) and Figure 3.2.9(b) an equivalent IAM arranged pilot structure could be achieved for
four antennas.
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Figure 3.2.10. FBMC 2x2 performances vs CP-OFDM for Veh-A and Veh-B channels at 60 km/h,
using adapted IAM method in DL-PUSC: (a) IAM-Ra; described scheme in Figure 3.2.9(a) for 2
antennas, (b) [AM-Rb; described scheme in Figure 3.2.9(b) for 2 antennas. PHYDYAS filter banks
references; M=1024, K= 4, and 16 QAM modulation using ZF equalization.

In Figure 3.2.10, two variants of the adapted IAM-R scheme for 2 transmit antennas are presented. In
the first case (Figure 3.2.10(a)), in IAM-Ra only 2 APC carriers are used to estimate the filter
coefficients. We are dealing with a partial interference approximation as not all the interferences
(Q1,1) that affect the pilot dik,n could be estimated. The used values at [dik, n-l dik,n dik, a+1] are [0 dik,n 0],
with d"k,,, =+ 1 following the same alternation as in SISO systems [5].

It can be observed that the “IAM-Ra” scheme in Figure 3.2.10(a) performs similarly to CP-OFDM at
sufficiently low SNR values, for SNR’s lower than 8 dB in the case of a Veh-A channel, and lower
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than 5 dB in the case of a Veh-B channel. Note that the error floor of ITAM at high SNR’s is observed
as in SISO systems, due to the unavoidable intrinsic interference, which shows up at the weak noise
regime.

However, it can be seen that a better result is achieved in Figure 3.2.10(b) “TAM-Rb” due to the use
of more APC carriers, namely 4 aided pilots. For a Veh-A channel, very similar performance in
terms of BER is achieved using the FBMC and the CP-OFDM schemes. The CP-OFDM scheme
performs around 2 dB better than FBMC. For channels of higher frequency selectivity as the Veh-B,
FBMC performs similarly with CP-OFDM up to an SNR of 12 dB. For higher values of SNR, CP-
OFDM clearly outperforms the FBMC. The used values at dik,,,_ 1 ,and dik,n+ ; 1s 0 with [dik+ In dik,n d'.
1,1] following the same {+ 1} alternation as in [5]. Note that, still not all the interferences (€2;,1) that
affect the pilot d';, could be estimated but almost the largest interference weights caused by the
PHYDYAS filter bank contributions.

3.2.2.4 FBMC channel estimation using scattered pilots

Usually orthogonal pilot sequences are used to transmit over each of the N, antennas in CP-OFDM
systems. Using such pilot sequence it is possible to recover the channel coefficients for each pair of
receive and transmit antenna. As for MIMO CP-OFDM systems, it is possible to choose orthogonal

pilot sequences in the form [B,P] over antenna # 1, and [R,P] over antenna # 2 [11]. The

assumption of constant channel over 2 consecutive symbols is fulfilled in the FBMC/OQAM.
Adapting the proposed orthogonal pilot sequences in [11] to PHYDYAS FBMC specifications, we
start from the equivalent DL-PUSC pilot pattern for 2 antennas at the transmitter in Figure 3.2.5(a),
and we propose an adapted pilot structure in Figure 3.2.11(a).
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Figure 3.2.11: Simplified orthogonal pilot sequence in FBMC MIMO system with 2 transmit
antennas: (a) general structure, (b) input pilots for each antenna.

Using the depicted scattered pilots in Figure 3.2.11, and using the PHYDYAS filter parameters in [5]
we have assumed that the channel is quasi-static at least over four consecutive FBMC time symbols.
The main objective as in [11] is to cancel the interference generated by the neighbouring symbols in
Figure 3.2.11. First the orthogonality among the pilot sequences over the antennas could be created
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by setting one of the pilots to zero. Secondly the interference is compensated by setting the value of
one of the neighbours to the total of the intrinsic interference.

The cancellation of the interference is performed in two steps. First the d't.; symbols are determined
to cancel the interference over the (k,n) position. Then the d';,+, symbols are determined to cancel
the interference over the (k,n+1) position. In Figure 3.2.11, it can be seen that dik,n+2 is placed at
position (k, n+2) so by modifying the d',+, values does not generate interference over the (k, n)
position (same approach with that considered in subsection 3.2.2.2). As a consequence this
simplified 2-steps algorithm allows to cancel the intrinsic FBMC interference over both (k,n) and
(k,n+1) time-frequency positions. The values of dzk,n and dlk,n+[ are fixed to 0. Note that this
scattered pilot scheme in Figure 3.2.11 could be considered as a special case of the auxiliary antenna
pilots scheme described in Figure 3.2.7.
2X2, 16 QAM, K=4, M=1024
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Figure 3.2.12: CP-OFDM and PHYDYAS FBMC comparison in 2x2 SDM case over Ped-A channel
with non iterative MMSE receiver.

For the MIMO case, we compared the non iterative MMSE receiver performance in Figure 3.2.12
using Ped-A channel. For pedestrian channels (type A at 3 km/h), the FBMC performances is very
similar to that of CP-OFDM. Due to the very low variability of this channel, the assumption of
having 4 FBMC time symbols makes sense as the channel is quasi invariant. In the case of higher
frequency selectivity channels, as the Veh-A/B, additional degradation in MIMO can occur in FBMC
due the assumption of a constant channel over the symbols plus their first order neighbours.

3.3 Channel tracking

For system deployments which consider scenarios accounting for a certain degree of user mobility,
the coherence time of typical channels is such that the channel coefficients cannot be longer assumed
to be fixed for the purposes of system setup and symbol detection. If some partial statistical
information about the channel is available, the frame-by-frame independent estimation of the channel
can be improved by providing the system with specific channel tracking capabilities. Based on the
presumed knowledge about the evolution in time of the wireless channel, the training pilots allocated
for conventional estimation operation can be used to provide a sequential refinement of the channel
estimate based on the Kalman filter recursion. In this subsection, details on the application of the
Kalman recursion to a MIMO-FBMC system are described and first numerical simulation are
provided.



ICT-212887 45 Deliverable D4.1

Consider the conventional description of a mobile wireless channel in terms of the impulse response
P-1

r):Zcp(t)é(z’—rp), (3.3.1)
p=0

where P is the number of channel multipaths, and ¢,(?) and 7, denote the complex gain and the delay

of the pth path, respectively. The frequency response at time ¢ is given by
ZC exp( 27z, )

As a function of ¢ and 7, the channel 1mpulse response in (3.3.1) characterizes the amount of
dispersion in time and frequency due to the delay spread and the time variability, respectively, of a
given (frequency- and time-selective) fading channel.

Consider now the transmission of a baseband FBMC signal over M subcarriers and an ideal non-
dispersive, noise-free channel, i.e.,

= E Z dy . Pr. (t)

k=0 neZ

o ) L -1
pral0= 51 o 2 - i)

with p(r) being the impulse response of the L -tap prototype filter and 7', the signaling interval, is

where

the inverse of the subcarrier spacing Af . In particular, L, T is the length or time duration of the
prototype and the FBMC system is such that L, = KM , with K = 4.

In a realistic scenario, the FBMC signal is transmitted over a noisy channel with impulse response
given in (3.3.1) and noise contribution denoted here by 77(1). Then, the baseband received signal

obtained after convolution with the channel impulse response can be expressed as [6]

szknf (t.7) pe, (e = 7)dz +n(t), (3.32)

k=0 neZ
where ¢ is the maximum delay spread. In the following, we assume that:
1) the channel can be considered to be flat at each subcarrier, which means that 1/ (LPT ) is less than

the coherence bandwidth of the channel B =1/(2A), and

2) the channel is constant over the duration of the prototype filter, or the prototype function is well-
localized in the time-frequency plane.

Then, according to Assumption 1, the prototype function has relatively low variations in time over
the interval [0,A] , i.e., Pk,n(t —7)~ Din (¢). Therefore, (3.3.2) can be approximated as

=S S dy e (), ()4 nl0).

k=0 neZ
where

H(t)= IA h(t,7)exp(~ j2akAfr)dz.
On the other hand, according to Assumption 2, H, ()~ H, n( ), so that we finally can write
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)= 35 dy e (O Hy (04 nl0).

k=0 nezZ
Indeed, Assumptions 1 and 2 can be regarded as realistic in a practical WiMAX system, where the
symbol duration is equal to [33] 72us (fixed) or 48us (mobile), and the minimum coherence

bandwidth is equal to .1 MHz (center 9.1 GHz ) and 3 MHz (center 53 GHz )- Moreover, with a

WIiMAX characteristic minimum coherence time of 2ms (100 kmph), the channel cannot be
considered to be fixed during the total duration of the frame, equal to 5 . Thus, under the previous

assumptions, and assuming that the channel frequency response is constant over a sufficiently large
number of subcarriers, demodulation over the 4 th subcarrier and the nth symbol period yields

j}k,n = Hk,n (dk,n + juk,n ) + nk,n s
where the noise contribution 7, , is correspondingly defined, and the term ju, , represents a purely

imaginary interference component that is intrinsic to the properties of the prototype function (see
[5]). Based on the notion of virtually transmitted symbols, we define %, =d, , + ju, ,,and write

j}k,n = Hk,njek,n + nk,n'
Note that for prototype functions that are sufficiently well-localized in the time-frequency plane, the
intrinsic interference term ju, , can be assumed to only depend on the neighbors of the symbol 4,

up to a certain, particularly low order, and the auxiliary pilot scheme reported previously can be
employed to yield u, , =0.

Consider now the overall system operation. On a frame-by-frame basis, and even at a finer scale as
noted above for speeds of around 100kmph, the channel cannot be further considered to be fixed.
Rather than estimating the channel independently in each frame, knowledge about the evolution in
time of the wireless channel can be used to provide improved estimation and tracking capabilities of
a WiMAX system. To that end, a sequential refinement of the estimation procedure based on a
Kalman filter recursion for the purposes of channel tracking over time is presented next. In the
sequel, the above channel estimation setting is considered. Furthermore, we assume that a number of
scattered pilots are distributed over each frame such that the intrinsic interference is set to zero, or,
otherwise, an estimate of it is provided.

3.3.1 Kalman filter

In the following, we describe the state-space model for frequency-domain estimation and tracking of
the MIMO-FBMC channel®. Here, the wide-sense stationary uncorrelated scattering (WSSUS)
channel model is considered for the channel impulse response corresponding to each transmit
antenna. In order to describe the dynamics of the time-variant channel over successively transmitted
WiMAX frames, a first-order auto-regressive (AR) model is applied. Accordingly, the state equation
can be written for the ¢ th iteration as

h[¢]= A, [S]nle - 1]+ v[<],
where h[¢] is a column vector containing the coefficients of the channel during the ¢ th time

interval at all the positions of the time-subcarrier tableaux where a transmitted pilot has been
allocated. We remark that the time interval considered for channel update purposes solely depends on
the dynamics of the latter and need not correspond to the frame duration. On the contrary, a finer
temporal scale can be considered if the channel varies faster than the frame duration, as well as a
coarser one if several frames may be assumed to be transmitted before the channel characteristics
change.

“channel tracking in the time-domain has been reported in [45] to perform identically if the same channel dynamics are
considered.
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From the Jakes fading model, the autocorrelation of the & th subcarrier gain is

B[t () H; = 5)]= 1, 25T ) (3.33)
where f, =v/ 4 is the maximum Doppler frequency (v is the terminal velocity and A is the carrier
wavelength), T, .., is the update time interval duration and J (-) is the zero-order Bessel function
of the first kind. In the case of a first-order AR model, the transition matrix is given by a scaled
identity matrix as A, [4” ] =al,, , where a is obtained from the Jakes Doppler spectrum directly as

(3.3.3). Auto-regressive models of higher order for the dynamics of multiple antenna multicarrier
channels can also be considered (see discussion in [46]). In the latter case, the model parameters can
be found by solving the Yule-Walker equation obtained from the Jakes Doppler spectrum. In general,
note that the spectral norm of A,[¢] is required to be smaller than one in order to ensure the stability

of the system. Finally, the parameters of the state dynamics equation, especially the state transition
matrix and covariance matrices of the noise and the channel, can also be estimated using the
available samples of the measured channel (see, e.g., [47][48]). The state noise process V[g“ ] is

assumed to be Gaussian and independent of the channel.

On the other hand, the measurement equation can be written as

rl¢]= A, [¢]hg ]+ wle], (3.3.4)

where Ac[g“ ] is a diagonal matrix containing the value of the pilots at the respective locations and

the measurement noise process w[é’ ] is also assumed to be Gaussian and independent of the channel.

The previous state-space model can be used for channel tracking on single-input single-output
(SISO) links. In particular, during the entire update time interval, for channel tracking purposes we
assume from the discussion above that [J[¢]] =7, = Vin» as well as h[¢],=H,=H b
Equivalently, the measurement noise vector 77[4’ ] is such that, for each ¢, its entries model the noise
contribution over the subcarriers, namely, [77[4’ ]]k,k =0,L....M —1.

A straightforward extension is obtained for a single-input multiple-output (SIMO) link by
considering the MN, -dimensional vector

e )=[VT e T (3.3.5)
where r(i)[é' ] is equivalently defined as the measurement corresponding to the i th sensor element of

the antenna array at the receiver side. In order to account for system configurations with multiple
antennas also at the transmitter side consider the following model

ZA W]+ wi ], i=1,....N,, (3.3.6)

where h"/ )[é’ isan M -dlmensmnal vector with the frequency response of the channel between the

j th transmit antenna and the 7 th receive antenna, A(cj Jisa diagonal matrix used with the pilot

transmitted from the j th transmit antenna, and w(i)[é’ | is the measurement noise at the i th antenna.
Morever, define the MN, -dimensional vector h" )[4' |= [h(i‘l)[g“ ]T,...,h(i’N')[g' ]TT and the M x MN,

matrix

A[C]=|AY].... A ]]
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N,

Then, we can write r" =ZA’ [c]+w9¢], i=1,....N,, (3.3.6)as
Jj=

ls

r ’)[g] Ac[g“]h( el+wg], i=1,...,N,.
By stacking the measurements corresponding to all receive antennas as in (3.3.5), upon definition of
the MN, x MN N, matrix

Al¢]=1, ®A[s]

and the MN, N,-dimensional vector h[¢]= [h(‘)[g“ I... .,h(N")[g“ ]T]T , we can consider the tracking of
a multiple-input multiple-output (MIMO) channel by directly using the model in (3.3.4).
For the general model in (3.3.4), based on the initial knowledge of the channel h®- and its

covariance matrix P9~ further channel estimates can be obtained by the Kalman filter recursion as
follows:
1) State estimate prediction:

h[¢ +1¢]=A,[¢Tnl¢lc]

2) Error covariance update:

Plc +1¢]= A, lcTP[c¢]A, €] +QI¢].

3) Kalman gain computation:

K¢ +1]=Plg + 1Al + 11 (A g +1]pg + 1] g + 1] + Rlg +1)) "
4) Error covariance measurement update:
Ple +1l +1]=(1-Ks +1]A ¢ +1]DPle +1)¢]
5) State estimate measurement update:

h[¢ +1l¢ +1]=h¢ +1l¢]+ K¢ +1]([¢ +1]- A, [¢ +1]n]¢ +1i¢].

In the previous equations describing the Kalman recursion, Q[é’ ] and R[{ ] are the covariance
matrices of the state noise V[é’ ] and the measurement noise W[( ] , respectively. In the state equation

for the evolution of the multipath channel samples, the different taps are assumed to model mutually
independent Rayleigh fading. Furthermore, the correlation between two consecutive samples of all
taps 1s assumed to be the same and equal to a . In particular, as mentioned above, A, [g” ] =A,=d,

Moreover, if a constant training pilot sequence is transmited over the frames, then also A [ ]

Under the previous assumptions, the state noise covariance matrix is given by Q ( Z)FFH
where F is an appropriately dimensioned Fourier matrix (see [45] for details).

Channel tracking on a MISO link has been numerically simulated for demonstration purposes.
Results obtained by applying a Kalman filter recursion based on a temporal evolution model for the
channel are compared with conventional least-squares (LS) channel estimation performed
individually frame-by-frame (here, the frame duration has been considered as update time interval).
Uncorrelated channels have been assumed, so that an extension to the MIMO case is straightforward
by considering different parallel schemes for each antenna at the receiver side. Channel tracking on a
MISO link has been numerically simulated for demonstration purposes. Results obtained by applying
a Kalman filter recursion based on a temporal evolution model for the channel are compared with
conventional least-squares (LS) channel estimation performed individually frame-by-frame.
Uncorrelated channels have been assumed, so that an extension to the MIMO case is straightforward
by considering different parallel schemes for each antenna at the receiver side.
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Figure 3.3.1 Comparison of LS estimator and Kalman tracker on a MISO link. (a) SNR=0 dB, (b)
SNR=10 dB

Regarding the implementation of the Kalman recursion, the associated computational complexity
obviously depends on the rate of the channel coefficients update. This rate is determined by the time
variability of the channel, so that the benefits from Kalman channel tracking are obtained at low
computational costs in limited mobility scenarios. Moreover, it is interesting to note that for a certain
degree of uncorrelation between channels, the channel tracking operation can be performed
independently for the different antennas. Hence, in this case the computational cost is mainly due to
the number of training or pilot subcarriers considered for filtering/tracking purposes.

3.4 Memory preloading

As far as initialization is concerned, the issue with the FBMC approach is the impulse response of
the prototype filter which imposes a transition phase. We consider the system has 128 subcarriers
and the synthesis filter bank (SFB) in the transmitter generates a real signal, which implies that 256
subcarriers are used altogether, to account for both positive and negative frequencies. The prototype
filter length is L, =1025 and the symbol overlapping factor is K =4. The impulse response of the

prototype filter shown in Figure 3.4.1(a) provides the coefficients of the filter bank.

A crucial feature for the present topic is that the frequency response of the prototype filter is zero at
the frequencies which are integer multiples of the sub-channel spacing, as shown in Figure 3.4.1(b).
With this feature, at their center frequencies, the filters in the bank are independent.

The delay of the linear phase prototype filter is (L - 1) / 2 =512, which corresponds to 2 multicarrier

symbols. When data are applied to the system, a transition phase of 2 symbols is introduced, as
illustrated in Figure 3.4.2. The prototype filter transition phase for the preamble can be skipped and
the transition phase for the data can be exploited to improve the estimations of the transmission
parameters [39].
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Figure 3.4.1 An example of prototype filter impulse response (a) and its frequency response and
positioning of neighboring sub-channels (b)
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Figure 3.4.2. Transition phase in the transmitted signal

The SFB in the transmitter consists of the inverse FFT and the polyphase network (PPN), as shown
in

Figure 3.4.3. The IFFT receives the set of data to be transmitted at each symbol and its output is
propagated in the memories of the PPN at the symbol rate. The SFB output, s(m), is fed to the

channel.

Now, if the same set of data is repeated at the input of the SFB, the same set of samples appears
repeatedly at the output of the inverse FFT and it is stored in the memories of the polyphase network.
Then, all the memories of the polyphase network contain the same set of samples. In these
conditions, a periodic signal is generated by the SFB and fed to the channel. At the output of the
channel, the received signal is periodic and the period is the multicarrier symbol duration. The
structure of the analysis filter bank (AFB) in the receiver is shown in Figure 3.4.4. The received
signal r(m) is fed to the memories of the PPN, which contain the same set of samples each. From the

content of these memories, the receiver restores the transmitted data.



ICT-212887 51 Deliverable D4.1

PPN
memories
—>
data > > > >
— iIFFT

L J

— y(n)

Figure 3.4.3. Structure of the SFB in the transmitter
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Figure 3.4.4. Structure of the AFB in the receiver

Now, if a periodic signal y(n) is to be generated without any transition phase, it is sufficient to
preload the memories of the synthesis filter bank with the set of samples produced by the inverse
FFT. Then, to demodulate the signal at the output of the channel without the transition phase, it is
sufficient to fill the AFB memories with the first received set of samples corresponding to the

symbol length. With this preloading technique, implemented in both the transmitter and the receiver,
there is no transition phase for the preamble.

As concerns the data, they are not periodic and the transition phase must be kept if the highest level
of performance is required. However, this transition phase can be included in the preamble.
3.4.1 Preloading with MIMO

In MIMO systems, a receiver is connected to several transmitters and the corresponding channel
responses must be estimated. The case of 2 transmitters is shown in Figure 3.4.5.
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Figure 3.4.5. MIMO system (2x1)

With the memory preloading technique, it is possible to perform the measurements of two channels
simultaneously, invoking the periodicity of the signals.

The frequency responses of adjacent filters in the bank are shown in Figure 3.4.6. At the center
frequency of filter i, the responses of neighbouring filters i—1 and i+1 are null, as pointed out at
the end of Section 1. Therefore, in the presence of constant signals at the synthesis filter bank inputs,
there is no interference between the subcarriers. Then, it is possible to use the subcarriers with odd
indices to estimate one of the 2 channels and the subcarriers with even indices to estimate the other
channel. Finally, the channel responses at all the sub-channel center frequencies can be obtained
through interpolation.

amplitude

fiter “1-1 finer flter “i+1

frequency

Figure 3.4.6. Frequency responses of neighbouring filters in the filter bank

The process is illustrated in Figure 3.4.7. In the simulation, two different channels with deep fading
are used and the coefficient vectors are

h,=[1 1 05 -0.025 0.285]

h,=[1 -1 05 0.025 0.285]

At the output of the AFB in the receiver, single coefficient equalization is performed, using the FFT
of impulse responses h, and h, for the subcarriers with odd and even indices respectively.
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Figure 3.4.7. MIMO system (2x1) with frequency interleaved transmission
Figure 3.4.7. MIMO system (2x1) with frequency interleaved transmission
Clearly, the measurement is accurate, for the first symbol of the preamble.

The extension to MIMO systems with more transmitters can be achieved with a similar scheme. For
example, in a 4x1 system, 4 interleaved groups of subcarriers can be allocated to the 4 transmitted
signals. Of course, in that case, 3 frequency points have to be interpolated between two measured
values.

If measurement of the channels at all the center frequencies is required, then multiple preloading can
be implemented with the corresponding increase in the duration of the initialization phase.

Note that, in a MIMO system, the transmitted signals are synchronized. The time offset and the
frequency offset are the same for all the received signals.

4 Equalization

Once the channel matrix has been measured, the sub-channel equalizer coefficients must be
determined. A straightforward and simple approach for use at the beginning of a burst is the
extension to the multiantenna case of the technique developed for the single antenna case and
described in documents D2.1 and D2.2. Good results have been obtained with this technique for the
single antenna case and equally good results can be expected in the MIMO case. The concept is
presented below.

In the multiantenna case, the channel measurement process delivers the matrix C(i) for the sub-
channel with index “i”. Then, the procedure to calculate the coefficients is depicted in Figure 4.1,
which is just a modified version of Figure 3.14 in document D2.2.
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__________________________________________________________________________________________

Calculation of coefficients

i Channel matrix noise inversion: derivation
i | measurements reduction EQ() = geometric of MIMO
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Figure 4.1. Procedure to compute the MIMO equalizer coefficients at the beginning of the burst

The matrix C(i) is assumed to be square and invertible. In case of a single coefficient, the equalizer
matrix EQ(1) is just the inverse of the channel matrix C(i). Since the measurements have been
performed in the center frequency of the sub-channels, equalization is achieved at these frequencies.
Now, if more coefficients are envisaged, equalization can be achieved at more frequencies in the sub-
channels. Interpolation in the complex frequency domain provides the intermediate values and the
coefficients for each branch of each equalizer are obtained through inverse FFT or any equivalent
method.

This concept has been validated and its performance is compared to the general equalization
techniques which are presented in this section, with their performance in the MIMO-FBMC context.
First, in section 4.1, the equalization for MIMO-FBMC using spatial multiplexing is studied. In
addition to the simple one-tap MIMO-OFDM equalizer applied to MIMO-FBMC, we consider the
MMSE, successive interference cancellation (SIC), ordered SIC (OSIC) and two stage OSIC (TS-
OSIC) equalizers. Next, in section 4.2, we analyze diversity reception with complex finite impulse
response (CFIR) subcarrier equalizers that are designed using frequency sampling technique
according to maximal ratio combining (MRC) principle, In section 4.3, the linear decision-feedback
(L-DF) equalizer and the widely-linear decision-feedback (WL-DF) equalizer are applied to MIMO
FBMC/OQAM systems.

4.1 MMSE MIMO-FBMC equalization

Spatial multiplexing is considered here, which means that we use several antennas at both sides of
the communication link and each antenna sends its own information, independent from the other
antennas. Moreover, we assume that the MIMO channel is time invariant, or at least approximately
constant on the duration of an estimation block. We denote by 4 [m]the mth tap of the channel

impulse response (CIR) between the ith transmit antenna and the jth receive antenna, i.e.
h, =[h;[0],A;[1], ..., h,;[v]]. We assume that all channels have the same length v + 1. Moreover, let

q/, =g}, (01,4}, (1), ¢}, [L, 1], L, = | %735} represent the impulse response resulting from the

convolution between g[m], #,[m] and f,[m] downsampled by the factor A ie.

q,’i[n]=(g(*hij*fk)[m]¢ﬂ (4.1.1)

where g,.[m]and fi[m]are the synthesis and analysis filters for the kth subchannel, respectively. It is
the impulse response from a symbol on transmit antenna ¢ and subchannel /7 to the received output on
antenna ; and subchannel /.

The received signal at the output of the AFB for the Ath subchannel of the jth receive antenna
can thus be expressed as
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yf_[n] = Z;.\;l ;‘iul q”[n] x vi[n]) + ;. [n] j=0,...N,and k=0....M -1 (4.1.2)

where vi[n] = di[n]0i[n] with 6.[n] = j**" and di[n] are the real data symbols transmitted on the
kth subcarrier over the jth transmit antenna, obtained by converting the real and imaginary parts of
the complex input symbols aj.[I] into real data symbols. Note that the rate of a},[/] is & whereas that of
di[n] i is %, where 7" = a7 and A f is the subcarrier spacing. 7] [n] represents the addltlve white noise

1’ [n] at the jth receive antenna, filtered by the analysis filter f;[m] and downsampled by a factor of
2L as shown in Figure 1.3. It is given by

mn)=S%___ [m] fu[nd — m]. (4.1.3)

We assume that the noise is spatially and temporally decorrelated and independent from the
transmitted symbols, i.e.

Eln'lm = (n/[m — 7]*] = 6;;0¢, 07

and E[vi[n]n/[m]*] =0

Given that, in FBMC systems, the interference in each subchannel comes mainly from the adjacent
subchannels and the interference from the other subchannels can be neglected [52][13], y;.[n] can be
approximated by

yi(n) E i‘il (g2 [n] *vi[n]) +ni[n], 5=0,..Nyand k=0,...M —1  (4.1.4)

where for each receive antenna j=1,..., N, and for each subchannel £ = 0, ..., N — 1, we only kept

terms corresponding to the subchannel of interest, %, and directly adjacent subchannels [ — 1 and
k+ 1

In the case of frequency selective MIMO channels, the received signal at the output of each analysis
filter of each receive antenna consists of a mixture of the signal of interest, inter-symbol interference
(ISI) and inter-carrier interference (ICI) from all the transmit antennas. In order to recover the
different streams of information sent on the different antennas and subchannels, an equalizer is
necessary at the receiver. Here we are particularly interested in per-subchannel equalization. In order
to compute the equalizers, it is easier to consider the matrix formulation. Stacking L., consecutive
observations on a given subchannel and given receive antenna, where L., represents the equalizer
length, (4.1.4) can be written in matrix notation as follows

yilnl = 3t Qi veln] + Buap [m] (4.1.5)
where yi[n] = [yl[n], yl[n — 1], ....yL[n — Le, + 1] is the stacked received vector for antenna j
and subchannel %, v[n] = [v}[n]” v“f[-n.]T. ... vi'[n]T]" is the vector of transmitted symbols with
vi[n] = [viln],vi[n = 1], ...vi[n = Ly = Loy +1]]5, i =1.....N,and QJ, =[Q} Q7 ... Q] is

the stacked matrix containing all the convolution matrices Q} of size L., x (L, + L.,) constructed
from the row vectors of impulse reponses q;, = [¢;4[0], ¢4 [1]. .... 4,7 [ L]} Q) is given by
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q.i[0] qm iy - ¢iLg 0 o0
A a0l anlt) - qalld o (4.1.6)
0 -0 gio] gilt] - gL

n/[m] is the additive noise present at the input of the jth antenna and B, is an
Leg X (L + (Ley — 1)M/2) convolution matrix constructed from the cascade of fi[m]and | ¥ (see
Figure 1.3). It is given by:

M M ,
B (=) +1: (=D +L,) = £,0), i=12,.L,,

4.1.1 Frequency domain equalizer

A simple one-tap MIMO-FBMC equalizer can be calculated as in the case of MIMO-OFDM, where
the equalization is carried out in the frequency domain. In this case we suppose, for each subchannel,
that the selective channel between each receive antenna and transmit antenna is reduced to a single
tap. Therefore, for each subchannel the system can be considered as a MIMO flat fading channel and

the equalizer is a simple matrix. Let H; denote the gain between the ith transmit antenna and the
Jj th receive antenna for the 4th subchannel, it is given by

_j27km
H' = Zh [mle M 4.1.7)
Let H, = [H,ij], i=1,---,N, and j=1,---,N,, denote the MIMO flat fading channel for subchannel
ke, 1.e.
Hll H21 . HN,I
k k k
o |0
[
k k k

Now, as in MIMO-OFDM, the equalizer, W, for the ith subchannel considering the MMSE
criterion is given by

1

W imse = H (HH + R, )" (4.1.8)

v

where R, = O'j I is the noise covariance matrix obtained using the fact that the noise, at the antenna

inputs, is spatially decorrelated.
The ZF equalizer is obtained by letting the SN R tends to infinity in (4.1.8), which results in
W, 7r = Hg.(Hg.Hf)_l (4.1.9)

Finally the transmitted symbols on the Ath subchannel are estimated by applying either the MMSE
equalizer or ZF equalizer. In the case of the MMSE equalizer we have

O[] Yi[n]

[”] yi[n]
= Wilse . (4.1.10)

oy [u] v [n]

:-;0:'-,_.
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An estimation of the transmitted symbols a},[n] can easily be computed from @} [n] as can be seen in
Figure 1.3, where @}, [n] are passed through the OQAM demodulator. We have

(}'}‘[n] = R{‘.‘{H;‘.['H.]*'F-‘;;,['H.]} (4.1.11)

and X X
r?.i,[f] = rfi,[?.-f] + _jrii, [2] + 1] (4.1.12)

Finally aj,[!] is obtained by taking a hard decision on a[l].

This kind of equalizer is suitable for mildly selective MIMO channels, where for each subchannel the
MIMO channel can be considered as flat. More selective channels however require more
sophisticated methods.

4.1.2 MMSE MIMO-FBMC equalizer

As said before, for more selective channels, the frequency domain equalizer presented previously
does not provide a satisfactory performance and hence more complex equalizers have to be
considered. A common solution is to use the MMSE equalizer which we derive here for MIMO-
FBMC using spatial multiplexing. We stack the vectors y,f [n], for the different receive antennas

j=1,..., N, in y.[n]and we get
yi[n] = f;‘,_l Quevi[n] + Brnm] (4.1.13)

where yi[n] = [yi[n)7, yi[n)7, ...y [2])7)7, Br = diag[By, By. ..., By],
n[m] = [p*[m]", n?[m]T, ...,n"[m]"]", and

11 21 . Nl
kt kt kt
12 2 N2
Qu=| .~ (4.1.14)
kit kt ket
awl0) Gl o GilL] 0 0
T a0 aplll - aall]
” .
- DR -0
with Q;‘; given by 0 T 0 (]:{:‘ [(]] q;.-;[l] T 'T;\:;[Lq] (4.1.6).

As shown in [52], [13] and [14], and due to the structure of the system, the equalizer for OQAM only
keeps either the real or the imaginary part of the output, depending on the symbol and subchannel
indices. It is thus better to optimize it directly on the corresponding output. Let Wy = [w ... w,"]

be the MIMO equalizer for the #th subchannel. Then, the equalizer outputs can be written as

vi[n] = Wy, [n] (4.1.15)
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where vi[n] = [0}[n] ... o0 [n]]T.

At the output of the equalizer, due to the OQAM modulation, we are interested only in either the real
part or the imaginary part of the output depending on the indices 4 and n. We have

Re{vi[n]} = Re{WHy[n]} = Re{W]}Re{yi[n]} + Im{WT}Im{y[n]}, for k + n even
Im{vi[n]} = Im{WHly.[n]} = Re{WT}m{yi[n]} — Im{WI}Re{yi[n]}, for k + n odd

The whole system and equalization problem can be rewritten using only real matrices and vectors, by
taking into account the structure of the OQAM modulation. In order to obtain this particular
formulation, we express Re{y[n]} and I'm{y[n]} as follows

Re{yi[n]} = oML R{f{gk,}?; [n] + R(:{@.u[m]}
Im{yi[n]} = S5 Im{ Q3 [n] + Im{Byy[m]}

where the matrix Q,, and vector V;[n] are obtained in the following way: consider the product of Q.
and v;[n]; each column of Q,; corresponds, in this product, to an entry of v;[n]. The entries of v;[n]
are either purely real or purely imaginary. Now the product can be kept identical by removing the
factor =v-1 from the purely imaginary entries of v;[n] and applying it to the corresponding
columns of Q. This is how matrix Q,, and vector V;[n] are obtained. They are such that the product
is the same as with the initial matrices, but the new vector V;[n] is now purely real. After taking the
real and imaginary parts of the output, the above equations are obtained.

The MMSE equalizer is computed by minimizing the mean square error on Re{v,[n]} for k& +n
even or I'm{v,[n]} for k + n odd. It is easily seen that the MMSE equalizer for purely real symbols
(k + n even) and purely imaginary symbols (k + n odd) are identical, so we only consider the real
case. For k + n even, we get the compact expression

Re{¥y[n]} = W, v [n] (4.1.16)
where
w | Re{W,}
W, = [M{W’;_}] (4.1.17)
and
vl = | el | < S0 Qi + B
where

o9

Q= iy FBo= [y} iy Jmomtod = [ 0G| s

For selective channels, the optimal equalizer delays may be different for the different subchannels
and symbol streams (or antennas). Hence we introduce a specific delay denoted as A, ;, i = 1, ..., IV,
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for the Xth subchannel and ith symbol stream (or transmit antenna). Now the MSE criterion to be
minimized, for k + n even, can be expressed as’

Ellex]?] = E[[W,5:[n] — vialn]|?] (4.1.19)
where e, = W 5iln] — vialnh and v, ln] = [0 — Aul. o2 — Aval. ol — Ay ]I,
0 <Ay; < L,+ L., — 1. The equalizer delays may be optimized independently for each subchannel

and output to minimize the MSE.

By using the orthogonality principle, the MSE in (4.1.19) is minimized when

Eler[n]y[n]T] =0 (4.1.20)
Then
T _
E[(W,¥.[n] — vialn])yin]] =0 (4.1.21)
Afterwards
W pls [l (01T o [T
W, Ely,.[n]¥:n]'] = E[vialnly.n]'] (4.1.22)
to yield
T _
W, =Ry, .v.Ry5, (4.1.23)
where Ry, 5, = E[y,[n]y,[n]"] is the covariance matrix of ¥,[n] and R, .5, = E[via[n]¥.[n]"]is

the covariance matrix of vectors v, A[n] and ¥,[n].

Using the fact that, for uncorrelated entries of ¥;[n| and 7[m], E[vi[n]v,[n]"] = d,;0%I, and

Ry = %’:;I and E[v,[n]f[m]T] = 0, and after some developments and simplifications, we get
5 k1 — =T n_ﬁ: —T
Ry,y, =00 > i i1 QuQu + 5 BiBy, (4.1.24)
On the other hand we have
k41 — [T =T A T =T
Ry, \v, = Yicko Elviea[n]vin]]Qy, + Elvialn]nim] B, (4.1.25)

Using the fact that FElvia[n]m]’]=0 and FElvia[n]vi[n]"] = 6ro?Pra  where
Piali,J) = 0 (-1)Ni+a5,+1, We get

5 =T
Ry, a9. = 0. PraQyy (4.1.26)

Finally, substituting (4.1.24) and (4.1.26) into (4.1.23), we obtain

> Note that for & + 7 odd, the use of the imaginary part in (4.1.16) and (4.1.19) leads to the same equalizer.
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—T =T k41 = =T o2
WA-,_U_\!SE = P&'.AQL-L-(Z;‘:&—[ Q.ﬁ-iQA-; + 202

B.B,)"" (4.1.27)
Therefore, from (4.1.17), by unstacking Wi varses We get
Wi nmse = WL-..UMSEU : L(-q*'?\rr" 3) + .J".WA'._\J‘_USL'(qu—"'\frr +1: ?Lf-qf\"?:-- 3) (4-1-28)

Note that in (4.1.28) we used a Matlab notation where ¢ : m denotes the /th to the mth entries of a
vector, and : denotes all the entries of a vector.

Now the outputs of the equalizer for the ~th subchannel are given by

vi[n] = Wiy, [n] (4.1.29)
In order to recover the transmitted complex symbol streams from vy [n] = [0;[n], 07[n], .. ., oy [n])"

we perform the OQAM demodulation

n?}‘[n] = Re{0k[n]*0i[n]},i=1,...,N; (4.1.30)
and

ail] = di20] + jdi[2l + 1}, i = 1,..., N, (4.1.31)
Finally aj[!] is obtained by taking a hard decision on a[l].
Remark: The ZF equalizer follows directly from (4.1.27) by letting rrﬁ =0.

Here is a brief summary of the main steps for computing the MMSE equalizer for each subchannel.
We assume that the MIMO channel, the transmitted symbol variance and the noise variance are
known (perfectly estimated).

1. Obtain the convolution matrix Q;\; using some channel estimation method. B, can be computed

using the equation before Section 4.1.1. o
2. Compute the matrix Q; using (4.1.14) and the matrix B from By, (see (4.1.13)).

3. Compute Q,, by shifting the complex number j = V=1 from the imaginary entries of v;[n] (see
(4.1.13)) into the corresponding columns of Q.

4. Compute the matrices Q,, and B, using (4.1.18).

5. Compute the equalizer W, ys1s5¢ using (4.1.27) and (4.1.28).

4.1.3 Successive interference cancellation (SIC) for MIMO-FBMC

Here we propose to adapt the successive interference cancellation (SIC) technique [15] to our
context, i.e., MIMO-FBMC. The idea behind the SIC is to recover the symbol streams coming from
the different antennas in a sequential way. The first step consists in extracting the first symbol stream
using an MMSE equalizer, or any other equalizer. Then we subtract the contribution of the already
recovered stream from the received signal and so on. This obviously requires some channel
estimation, and is susceptible to error propagation, so the effect of channel estimation errors need to
be investigated. In MIMO-FBMC, given that there is interference from adjacent subchannels, for
each subchannel & we subtract not only the recovered symbol stream from other antennas
corresponding to subchannel % but also the contributions of the symbol streams of the adjacent
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subchannels i — 1 and k& + 1. The interest of this technique is that, once channel estimation is
available, and provided that error propagation can be kept small, it provides an easy way to improve
the performance of any equalizer. In this section, we will investigate the application of this technique
to the MMSE equalizer, and to the frequency sampling (FS) equalizer described in deliverable D3.1

[5].
The SIC technique for MIMO FBMC is briefly described in the following steps

Step 1: Recover the first symbol stream. We first need to compute the equalizer according to the
frequency domain, MMSE or ZF methods. Let w;. be the first column of such an equalizer. Then

oin] =wlyin], k=0,....M -1 (4.1.32)

As described in the previous section, the decision aj}[/] on the corresponding symbol can easily be
computed from @} [n]. Let us suppose that the decision on aj,[{] is correct, i.e. a[l] = ai[l].

Step 2: Remodulate a}[l] to get vi[n] according to the OQAM modulation technique. Let
vin] = [vi[n].vi[n = 1], ....vi[n = L, — L., + 1]]*. Now we can subtract the contribution of v} [n],
v,_,[n]and v}_ [n] from the received signal y[n] as follows

11
B
_ . ki o _ —
vilrl =yl - X | L | Vil = Eii Quvi [n] + Bin[m] (4.1.33)
ki

where y, [n] is the received vector after removing the contribution of v}[n], i =k — 1,k k + 1,
vy [n] = [v[n]T.....vN[n]T]7, and

21 . ‘\-“1
ki ki
22 N2
- ki ki
QK'J‘ - . . .
2'\-" PR '\-’ '\-"'
ki ki

This step obviously requires the estimation of the convolution matrices Q;\; These can be obtained
by channel estimation procedures as described in WP3. They are also necessary for the design of
most equalizers and hence SIC does not require any additional estimation methods. Several simple
equalization schemes do not need the estimation of the full matrix, particularly for mildly selective
channels. In this case, the SIC technique might not be indicated as simple equalization already
performs well.

Step 3: Go to step 1 and recover the second stream and so on until the recovery of all the transmitted
streams.

It is clear, from the above steps, that the SIC recovers the transmitted streams in a deflatory mode.
Therefore, if all the decisions of each recovered stream are correct, i.e., no error propagation after
recovering the ith stream, the system model becomes equivalent to a system with N, — ¢ transmit
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antennas and N, receive antennas leading to an increased diversity. In general there might be error
propagation and the performance might not benefit from full diversity.

4.1.4 Ordered SIC (OSIC) for MIMO-FBMC

In order to improve the performance and minimize the error propagation problem we propose to
consider the ordered SIC technique [15]. The idea behind it is that at each layer the stream with the
highest signal to interference plus noise ratio (SINR) is selected for detection and subsequent
subtraction. The OSIC algorithm is almost the same as the SIC algorithm and only few changes are
required. However, in contrast to the SIC receiver, the order of subtraction may be different from one
subchannel to another depending on the SINR’s of each subchannel. Hence the subtraction of the
contribution of the adjacent subchannels often becomes impossible. Suppose, for subchannel & and
without loss of generality, that the first stream has the highest SINR, then equation (4.1.33) in step 2

of the SIC becomes

11
kk
12
kR

yi [n] = yin] — viln] = Quvy [n] + Ef-‘:;_l_,-?ﬂ. Qriviln] + Bing[m]  (4.1.34)

1N,

Kk
Then we use y, [n] to compute the equalizer for the remaining streams. Subsequently we select the
equalizer that provides the highest SINR. After detecting the stream at the output of this equalizer, as
seen in SIC (see steps 1 and 2), we subtract its contribution from y, [n] by applying (4.1.34). We
repeat this process until all streams are recovered. Note that, in order to determine the stream with
the best SINR, it is theoretically necessary to compute the equalizer for each stream and then
determine which one has the best performance. Doing so substantially increases the complexity of
OSIC with respect to the initial SIC technique as new equalizers have to be computed for all streams
at each step. In practice, it is better to use approximate evaluations of the SINR on each stream.

4.1.5 Two Stage OSIC (TS-OSIC) for MIMO-FBMC

In order to further improve the performance of the OSIC receiver we propose to use the two stage
OSIC (TS-OSIC). The main idea behind the TS-OSIC is that after applying the OSIC algorithm one
time, subtraction of the contribution of the adjacent subchannels from the subchannel of interest
becomes possible. Once the contribution of the adjacent subchannels is removed we can apply the
OSIC algorithm a second time to enhance the performance. Let

y;‘,['n.] = yi[n] — ?;}—1,:';&!.- Quivi[n] = Quevi[n] + E,;.'r;[-m.]. k=0,...M—1 (4.1.35)

represent the received signal after subtracting the contribution of the adjacent subchannels using the
decisions wv;[n], i = 0,..., M — 1 resulting from applying the OSIC algorithm in the first stage. In
the second stage we apply the OSIC algorithm again but this time on y, [n]. This means that the
interference coming from adjacent subchannels is always cancelled using the results of the first stage,
and the interference coming from the subchannel of interest is cancelled using the OSIC technique in
the second stage. It is worth noting that the equalizer computation in (4.1.27) is simplified in the
second stage since the terms corresponding to the adjacent subchannels can be ignored, i.e.

T =T — =T

— = —— g2 = =T
Wianrse = PraQu(Qu Qe + Qr;i—fo\'Bk)_J (4.1.36)

Note that the TS-OSIC requires a high computational complexity and is currently not suitable for a
practical implementation.
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4.1.6 Simulations

Remark: Given the number and complexity of the implemented algorithms, simulations considering
the simulation parameters corresponding to the WiMAX scenario will be provided later on. Here we
will just consider parameters that allow comparing the algorithms.

In this section we will assess the performance of the presented algorithms and CP-OFDM by
comparing them in terms of bit error rate (BER). Unless otherwise specified, we consider the
following simulation parameters: M = 64 carriers, overlapping factor X' = 4, 16-QAM modulation.
The CP length for CP-OFDM system is M /4. The MIMO FIR channels are chosen randomly. All
simulation results are averaged over 200 independent realizations. It is difficult to obtain a fair
comparison with CP-OFDM as the systems have different characteristics, and all parameters can thus
not be made equal. We still have provided results for CP-OFDM however in order to obtain a rough
idea of the achievable performance. In the present simulation scenario, the CP-OFDM system has
been normalized for the same Eb/NO as the FBMC system. As a result, and since CP-OFDM uses
the cyclic prefix, it should be noted that its throughput rate is smaller than that of the FBMC system.

In what follows we refer to the extension to MIMO case of the frequency sampling equalizer
presented in [2] by Frequency Sampling (FS) MIMO-FBMC equalizer. The considered equalizer
length is 3. A brief description of the Frequency Sampling (FS) MIMO-FBMC equalizer is given in
section 4.2.4.

Figure 4.1.1 compares the algorithms in terms of BER. We consider N, =2, N, =2 and v =9, 1.e.

each channel between two antennas has v + 1 = 10 taps. The MMSE and FS equalizer length is 3.
From this figure we can see that, for low SNR, all the equalizers approximately have the same
performance. For high SNR we notice that the TS-OSIC-MMSE and OSIC-MMSE provide the best
performance which was expected. The SIC technique and the different variations all bring some
small performance improvements, both in the MMSE and FS case. CP-OFDM has a better
performance for high SNR, but it should be noted that its throughput rate is smaller than that of the
FBMC system. It is worth noting that the SIC technique applied to the FS equalizer is not sufficient
to reach the performance of the MMSE equalizer. For this type of channel, at high SNR, the simple
one-tap frequency domain equalizer has substantially lower performance.

In Figure 4.1.2 we consider N, =3, N, =3. With respect to the 2x2 MIMO system, more diversity is
available. Clearly the SIC technique is able to take advantage (at least partly) of this diversity and

provides larger improvements for larger number of parallel streams. Once again, the different
variations all bring noticeable performance improvements.

In Figure 4.1.3 we consider a situation where the number of receive antennas is greater than the
number of transmit antennas, namely N, =2and N, =3. First of all, we observe that using more

antennas at the receiver than at the transmitter considerably improves the performance. Regarding
the comparison of the algorithms, the general behavior is similar to what was observed above.

In Figure 4.1.4 and Figure 4.1.5 we investigate the effect of the channel length on the performance of
the algorithms for £, /N, =20dB and E,/N,=30dB, respectively. These figures plot BER versus

channel length v+1 for N, =3, N, =3 and 16-QAM modulation. We observe that for a short
channel (length 2 or 3) the MMSE and FS equalizers almost provide the same performance. The SIC
based techniques in itself brings some small improvement. The OSIC and TS-OSIC further improve
the performance slightly. For more selective channels, the MMSE seems to be able to cope better
with the created interference, and all MMSE-based algorithms are better than the frequency domain
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and FS equalizers. For CP-OFDM, the performance is good as long as the channel length is smaller
than the CP, but then degrades rapidly for longer channels. It is worth nothing that SIC based
techniques are interesting even for short channels especially when a large number of antennas is
considered. Moreover, we observe that, for £,/ N, =20dB (Figure 4.1.4), the algorithms are less

sensitive to the channel length compared to the case E,/N,=30dB (Figure 4.1.5).Therefore, for
low SNR the channel length slightly affects the performance of the algorithms.

Figure 4.1.51llustrates the effect of the equalizer length on the performance of the MMSE based
algorithms, MMSE, SIC-MMSE and OSIC-MMSE. We consider L,=1,2,4,6 and 8, N; = 3,

N, =3, E,/N,=30dB and 16-QAM modulation. We observe that increasing the equalizer length,

more than 4, moderately improves the performance. Moreover, as we have already seen in figures
Figure 4.1.1 to Figure 4.1.5 the OSIC-MMSE is better than the SIC-MMSE which is in its turn better
than the MMSE equalizer.

For future works, the effect of channel estimation errors on this technique needs to be investigated,
and in particular the potential risk of error propagation. For long channels, the number of taps to be
estimated also needs to be investigated.

CP-OFDM

Frequency domain
3 MMSE

10" —e— sic-MMSE

—%— OSIC-MMSE

—&8— TS-0SIC-MMSE |

FS

—&— SIC-FS

0 5 1.0 ‘II5 2I0 2I5 30

EbeD (dB)
Figure 4.1.1. BER versus Ep/Ny. Comparison of equalizers. 16-QAM, N, =2, N, =2 and channel
length v + 1 = 10. L., = 3 for both MMSE and FS.
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Figure 4.1.2. BER versus Ep/Nj. Comparison of equalizers. 16-QAM, N, = 3, N, = 3 and channel
length v + 1 = 10. L., = 3 for both MMSE and FS.
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Figure 4.1.3. BER versus Ep/Ny. Comparison of equalizers. 16-QAM, N, =2, N, = 3 and channel
length v + 1 = 10. L., = 3 for both MMSE and FS.
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Figure 4.1.4. BER versus channel length v + 1. Effect of the channel length on the performance of
the equalizers. 16-QAM, N, =3, N, =3, L., = 3 and E/Ny=20dB.
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Figure 4.1.5. BER versus channel length v + 1. Effect of the channel length on the performance of
the equalizers. 16-QAM, N, =3, N, =3, L., = 3 and E;,/N, = 30dB.
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Figure 4.1.6 BER versus equalizer length L, . Effect of the equalizer length on the performance of
the equalizers. 16-QAM, N, =3, N. =3, v+ 1 = 10 and E},/N, = 30dB.

4.2 Diversity equalization with Maximal Ratio Combining

The content of this contribution is organized as follows. In Section 4.2.1, the frequency sampling-
based per-subcarrier equalizer design scheme is extended to receive diversity context. Section 4.2.2
gives some operational insights of the developed diversity equalization scheme. In Section 4.2.3, the
performance of the described technique is analyzed through uncoded bit-error-rate simulations over
various multipath channel models. Moreover, the impact of fractional time delay on the required
equalizer filter order is investigated. Finally, Section 4.2.4 discusses the possibilities to extend the
developed algorithm to other multi-antenna configurations.

4.2.1 Per-subcarrier equalization according to MRC

The fundamental philosophy of the maximal ratio combiner is to maximize the output SNR (that is,
the effective SNR after combining) by weighting each diversity branch signal with a factor that is
proportional to the instantaneous SNR in the respective antenna [16]. Moreover, in order to enable
coherent summation of the branch signals, weighting factors that co-phase the different antenna
signals prior combining are required. This can be achieved if channel state information is available in
the receiver.

The block diagram in Figure 4.2.1 shows the structure of the FBMC receiver for 1 x @ antenna
diversity scheme to be analyzed. Channel equalization is performed in the receiver using per-
subcarrier processing by means of complex finite impulse response
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Figure 4.2.1. FBMC receiver structure for maximal ratio combined diversity reception with
frequency sampling-designed subcarrier equalizers. Solid lines: signal flow; dashed lines:
information flow.

(CFIR) filters. Furthermore, we consider the equalizer coefficient derivation based on the frequency
sampling technique described in detail in [5].

We assume that the channel estimator can provide information on the channel transfer function at a
set of target frequency points chosen in the selected mode of frequency sampling design. In general,
the number of frequency points of interest within a subcarrier bandwidth, has a one-to-one relation to
the length of the CFIR subcarrier equalizer filter. Typically, 1-tap and 3-tap structures are
considered. For the latter structure, channel estimates at double resolution compared to the subcarrier
spacing A f = 1/7 are required. In the following description of diversity equalization, CFIRs with
three taps are considered.

Let us denote the complex coefficient of the generally time-variant channel frequency response
experienced by the ith subcarrier on the gth antenna branch during the nth OQAM sub-symbol by

Hf_[f.)_”. for k€ M,. and i =0,1,2, @2.1)

where the subscript (i) is used to index the target frequency points within a subcarrier band.
Specifically, the subscript index i = 1 corresponds to the subcarrier center frequency, whereas the
indexes i = 0 and i = 2 refer to the lower and the upper passband edge frequencies, respectively.
Moreover, we express the time-variant transfer function of a 3-tap CFIR equalizer for the ith
subcarrier on the ¢th antenna branch as

1’1’?‘”(2) = “".;{',U.nz + u"‘g.l,u + H.-‘;{_._)‘”Z_l

(4.2.2)
where a non-causal form is used for notational convenience.
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Now the MRC principle is applied in a subcarrier-by-subcarrier manner and pointwise to each of the
three target frequency points considered in 3-tap CFIR frequency sampling-design. The resulting
maximal ratio-weighted target frequency response values at the frequency sampling-design points

then become
q
(HI\' (1), n)

2
“{UL (i), n| ?

Xk, (i)yn —
I"f 1

(4.2.3)
where |.| and (.)* denote the magnitude and the conjugate-operation of the complex argument,
respectively.

The subcarrier equalizers operate at the low rate (i.e., at the OQAM sub-symbol rate 2/7 after
decimation by M/ /2) and process the channel distorted subcarrier sequences yf[n]. The target
frequency points indexed with subscripts (0), (1), and (2) correspond at the low rate to the frequency
points —7 /2, 0 and = /2, respectively. The CFIR transfer function in Eq. (4.2.2) will then be evaluated
at these frequency points, yielding a system of three equations (in the general case, the number of
equations equals the number of taps L., in the CFIR filter) that relates the equalizer frequency
response at the target frequency points XE-.{;).N and the three (in the general case L.,) complex filter

coefficients {w{ }. When this system of equations is solved for the unknown filter

b0 Wit Wiy
coefficients, the following closed-form expressions for the MRC-optimized CFIR filter coefficients
can be derived:

'H-‘E_‘U‘” = |i( —1 +;)\E{U}H + 2\/;{(1}“ + ( — 1= ’;)X.({(_)}uj| /l
ru".‘f:".l,n = [1\/2‘"(0).:3 + \/g[.’]n} /2

”‘r 20 |:( —1- }) )‘f\ (0), + )\ﬁ (1), + ( -1+ ;)\g(‘?}”} /—1 (424)

The low rate sample sequence at the output of the CFIR filter for the ith subcarrier on the ¢th antenna

branch can then be expressed as
2

-“g[“’] - Z w F. Jon U.R [” ]
1=0 (4.2.5)
The diversity equalized sample sequence is finally obtained by combining (through coherent

summation) the CFIR filtered sequences from different antenna branches, i.e.,
Q

Ur[n] = Z vi[n],
= (4.2.6)
for ke M,.

4.2.2 Operational insights

Let us investigate the operation of MRC diversity equalization in detail. Figure 4.2.2(a)- (d) illustrate
the 3-tap CFIR operation in an exemplary 1 x 3 SIMO case. The series of subfigures (a)-(c) show the
channel response (solid line), the equalizer response (dashdot line), the compensated response
(dashed line), and the target frequency points (circle markers) for the different diversity branches.
The subfigure (d) shows the effective transfer function after combining the branch signals. Equalizer
performance is demonstrated for an arbitrarily chosen subchannel i in terms of a randomly picked
instantaneous channel snapshot drawn from the Vehicular-B channel model. Responses are shown
over the subcarrier bandwidth of 2/7" in width (twice the subcarrier spacing). Behavior is shown both
in terms of the magnitude (left) and the phase (right). A number of observations can be made:
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1. The equalizer responses are forced to go through the target values defined by (4.2.3) based on

70

the channel estimates in (4.2.1).

ii.  The magnitude terms of the target values among different diversity branches will be assigned
according to the channel state (condition) of each particular branch with respect to channel
states in other branches. Therefore, the assigned magnitude is higher for diversity branch with
channel estimates of larger magnitudes and vice versa. The normalization factor (the
denominator) in (4.2.3), common to all diversity branches, will guarantee unity magnitude for

Deliverable D4.1

the effective post-combining transfer function at the target frequency points.

iii.  The equalizer response forces the phase of the compensated response to go through zero at
the target frequency points. This is how the co-phasing of the different diversity branches is

constructed into the equalizer solution.

iv.  Asa consequence of the previous two observations, the equalizer output signals will be added

together coherently to maximize the post-combining SNR.

v. The 3-tap CFIR equalizer is clearly able to compensate for frequency-selective channel

responses to a significant extent.
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Figure 4.2.2. Operational details of MRC diversity equalization with frequency sampling—designed
3-tap CFIR per-subcarrier filters. Magnitude (left) and phase (right) compensation for arbitrary
subcarrier % on different antenna braches (a)-(c) and the effective response after combining the
diversity branches (d).

4.2.3 Numerical performance evaluations

Numerical performance evaluations for the FBMC modulation with the diversity equalization
scheme described above have been carried out. Uncoded bit error rate (BER) simulations were
performed for FBMC transmission according to PHYDYAS parametrization. Specifically, a
sampling rate of f, = 11.2 MHz and a filter bank with A7 = 1024 subcarriers, and a 10 MHz system
band were assumed. As for the prototype, an NPR lowpass filter with an overlapping factor of K = 4
and designed according to the frequency sampling technique described in [17] was considered. BER
metrics were estimated by transmitting 3000 frames, each of approximately 5 ms in duration and
carrying 53 OQAM multicarrier symbols from the 64-QAM alphabet, over the Vehicular A (Veh-A),
the Extended Vehicular A (Veh-AE), and the Vehicular B (Veh-B) multipath channels. In the
simulations, random quasi-static channel instances of the above models with AWGN were
considered. Moreover, perfect channel information (PCI) in the receiver was assumed. The effect of
timing error in terms of fractional time delay was also addressed. Receive diversity was tested in
1 x2(Q=2) and 1 x 4 (Q = 4) antenna configurations. Also the performance curves for 1 x 1
SISO (@ = 1, no diversity) case are shown for comparison. Simulations were carried out using both
1-tap and 3-tap complex FIR equalizers.

Figure 4.2.3(a), 3(b), and 3(c) show the uncoded BER as a function of energy per bit to noise spectral
density ratio (F,/N,) for the Veh-A, the Veh-AE, and the Veh-B channel, respectively. For these
simulations, fractional time delay was not included in the system model (w/o FTD). As a general
observation we can say that the diversity reception provides considerable SNR gain (that is, the given
error rate is achieved with less transmit energy), when compared to the single antenna receiver
structure. This is true regardless of the channel model considered. Moreover, while the 1-tap and 3-
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tap CFIR structures obtain approximately equal performance in the Veh-A channel, the 3-tap
structure shows increasing benefit over the 1-tap structure for Veh-AE and Veh-B channels with
increasing delay spread (and therefore for decreasing coherence bandwidth). This is due to the fact
that for these models the channel frequency responses show significant selectivity over the subcarrier
bandwidth that the single tap equalizer is unable to compensate. The 3-tap structure, on the other
hand, is able to perform frequency selective channel equalization as demonstrated in the previous
section.
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Figure 4.2.3. Uncoded bit-error-rate performance for FBMC system exploiting receive diversity of
order Q =2 and Q =4 for transmission over (a) Veh-A, (b) Veh-AE, and (c) Veh-B multipath
channels, respectively. Perfect channel information and timing synchronization is assumed in the
receiver. 64-QAM modulation.

Timing offset introduces a linearly frequency-dependent phase response over the signal band,
resulting in frequency-selective subcarrier responses even for multipath channel profiles that
otherwise would impose approximately flat-fading responses. This timing offset needs to be
appropriately compensated for in order to recover the orthogonality among the neighboring
subcarriers, a condition necessary to guarantee sufficient signal quality for low error rates prior
detection. Here, we consider a frequency domain compensation of the timing offset by means of 3-
tap CFIR subcarrier equalizers. Figure 4.2.4(a) and (b) show the uncoded BER for FBMC receiver
exploiting diversity reception over the Veh-AE channel model when fractional time delay of
7 = 0.05 (approximately 25 samples) and + = 0.1 (approximately 50 samples), respectively, is
additionally included in the system model. Perfect knowledge of the fractional delay is assumed in
the receiver. Moreover, recall that without a timing offset, the performance with 1-tap and 3-tap
equalizers are approximately equal when a 64-QAM transmission over the Veh-AE channel is
considered (see Fig. 4.2.3(b) for clarification). Figure 4.2.4(a) and (b) clearly show that even fairly
modest timing offsets severely degrade the system performance unless not properly compensated for.
This is in fact the case with the 1-tap equalizer that is only capable of frequency-flat processing and
therefore fails to compensate for the phase slope within the subcarrier band. The 3-tap structure (and
multitap structures in general), on the other hand, provides performance very close to that obtained in
the ideally synchronized case (also shown as reference for 3-tap structure). These results demonstrate
the feasibility of performing the timing adjustment in the frequency domain using frequency
sampling-designed multitap per-subcarrier equalizers. Moreover, with the described approach, the
timing offset can be compensated at virtually no additional cost in contrast to approaches where
separate processing (circuitry) for timing adjustment is applied.
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Veh-AE, PCI, FTD = 0.1 (known), 64-QAM
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Figure 4.2.4. Uncoded bit-error-rate performance for FBMC system exploiting receive diversity of
order @ = 2 and @ = 4 for transmission over Veh-AE multipath channel when fractional time delay
(FTD) of (a) = 0.05 and (b) - = 0.1, respectively, is included in the system model. Perfect channel
information and knowledge on the FTD is assumed in the receiver. 64-QAM modulation.

4.2.4 Extension to other multi-antenna configurations

The structure of Figure 4.2.1 can be generalized to other linear multiantenna receiver configurations
in case of mildly frequency selective subcarriers.
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Assume that the complex frequency responses at time n from transmitter antenna p to receiver
antenna ¢ at frequency point (i) of subcarrier % , [},  are available. Assume further that for each (i)

and i, the weights X7, , for frequency-flat MIMO solution can be calculated from H}'( . Then the

p.q

corresponding equalizer coefficients can be calculated as in (4.2.4) using ;7 ,

as the target

response values.

5 MIMO Techniques for FBMC

MIMO techniques combine nicely with OFDM and sophisticated algorithms have been developed in
that context. A key characteristic of FBMC is the possibility to have independent (non overlapping)
sub-carriers. Therefore, two situations may occur in FBMC transmission:

1. The subcarriers do not overlap, which occurs when a user exploits a single subcarrier or when
the interleaved Carrier Assignment Scheme (CAS) is employed. Then, QAM modulation can
be used, the MIMO context is similar to OFDM and the same techniques can be
implemented.

2. The subcarriers overlap and offset QAM modulation is used. This situation corresponds to the
search for maximum throughput. Then, the OFDM techniques must be adapted and specific
schemes must be elaborated.

The PHYDYAS project is essentially concerned with the second situation. In the following sections,
the two main approaches of the MIMO concept are briefly reviewed and an introduction is provided
for their application in the FBMC context. These two approaches are basically:

- Spatial Multiplexing (SM): Increasing the throughput by transmitting different streams of data over
the different antennas.

- Spatial Diversity (SD): Improve the robustness of the transmission by transmitting the same data
with coding over the different antennas.

5.1 Spatial multiplexing

Spatial multiplexing using layered space-time coding techniques increases spectral efficiency and
enable to communicate at higher data rates. An architecture which theoretically achieves the capacity
in an independent Rayleigh scattering environment was proposed as BLAST in [22]. Difficulties in
implementation of the original Diagonal-BLAST (D-BLAST) led to a simplified architecture called
V-BLAST [29] where each layer is associated with a certain transmit antenna.

5.2 Diversity techniques

The full spatial diversity gain is obtained by using Space Time Code (STC). The primary purpose of
STC is to ensure that a given data will be transmitted by all the transmitted antennas such that the
data will encounter all channel attenuation coefficients, thus leading to more reliable detection. STC
is divided into two classes: Space Time Trellis Codes (STTC) and Space Time Block Codes (STBC).

* In STTC codes, the data to be transmitted are coded in such a way that the minimum distance
between block transmitted is maximized at the decoding side [26]. STTC codes provide two
benefits: the diversity gain, as the data is send by all the transmitted antennas, and the coding
gain, by maximizing the distance. The main drawback is that it requires a high decoding
complexity implemented in general by a Viterbi decoder. This complexity grows exponentially
with the number of antennas.

* On the other hand, STBC’s [27][25] purpose is to design transmission data so the received
signal could be writen as orthogonal sequences. Therefore, the best decoding in terms of error
probability is obtained with a simple linear decoder. Thus, STBC present in general lower
complexity than STTC. However, STBC do not provide a coding gain.
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STC codes have already been combined with CP-OFDM leading to good performances. In this
family, the simplest scheme, restricted to the case of 2 transmit antennas and a single receive
antenna, is the so-called “Alamouti” scheme [20]. To begin with, the application of this scheme to
FBMC is considered.

5.2.1 Alamouti scheme with FBMC
The FBMC modulator transmits real data, which correspond either to the real or the imaginary part
of complex data. That is, we can view the real transmitted data d, , at subcarrier index ¥ and time

instant ® as:

* dpy, =Ry, and dy,,, = 3o, )
where ¢, , is the complex data. Therefore, if we apply the Alamouti scheme to the ¢, , complex

data, we have:

0
c =cC
* Atantenna 0:{ b
ck,2n+1 = _(ck,nﬂ)

1 *

1
C =C
* At antenna 1:< **" Fontd
ck,2n+1 = ck,n

This leads to the following input real data:

dl?,2n =R, ) dli,Zn =R{c; )

dl?,2n+1 = S{Ck,n}ﬂdl:,bﬁl =3{crm)

d/(c),ZIH-Z = _m{(ck,ml)*} = _m{ck,nﬂ} = _dli‘Zn (5 2 1)
dli,2n+2 =R{(c,,, )} = Ric,,)} = df,z» o
d/?,2n+3 = _S{(Ck,nﬂ )*} = S{Ck,nﬂ} = dllc,2n+1

d;,2n+3 = 3{(01:," )*} = _S{Ck,n} = _d£,2n+]

At the single received antenna side, the demodulated signal can be written as:
yk,n = HI?:S (d/?,n + ju/(:,n) + H/i’,(r)r (dli,n + ju}(,n) + ﬂk,n

where 7, , is the noise component at the sub-carrier & and time instant ». Thus the transmission of
the real data given in (5.2.1), leads to the received/demodulated signal:

— 0,0 0 -0 1,0 1 .1
yk,Zn - Hk,Zn (dk,Zn + juk,Zn ) + Hl(,2n (dk,Zn + juk,Zn ) + 77/(,2/1
— 0,0 0 -0 1,0 1 .1
Yk a1 =H.,. (dk,2n+l + Juk,2n+1) + Hk,2n+l (dk,2n+l + J”k,2n+1) + 10201
_ 0,0 0 .0 1,0 1 .1
Yioner T Hk,2n+2 (dk,2n+2 + JUy 00 )+ H o (dk,2n+2 t Uy 5,00, )+ Mk 2n+2
_ 7700 0 .0 1,0 1 .
Vizws = H 55 (dy s+ Jthy 0003) T H o3 (d s + Ty 0030) F 120
The purpose now is to recover the data ¢, , from the above equation. We assume the channel
invariant over the time of interest i.e.
0,0 __ 0,0 _ 0,0 _ 0,0 _
Hk,zn - Hk,2n+1 - Hk,2n+2 - Hk,2n+3 - hk,l
1,0 __ 1,0 _ 1,0 _ 1,0 _
Hk,zn - Hk,2n+1 - Hk,2n+2 - Hk,2n+3 - hk,z

Then, we have:
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jul((),Zn
Yion _ hy h, dl?,Zn + h, h, 0 0 ]'”/t,zn + i 20
(yk,2n+2) (hk,Z) _(hk,l ) d/i,z,, 0 0 (hk,z) _(hk,l ) _J‘u/](,z,ﬁz (77k,2n+2)
Yon ju]?’2n+2 e, 2n
and
ju/(c),2n+l
Yk 2n41 _ hk,] hk,2 d/?,z,m + hk,] hk,z 0 0 ju/l(,2n+l + M 2041
(_yk,2n+3) (hk,z)* _(hk,l) di,z,ﬁl 0 0 (hk,z) _(hk,l )* ].uzlf,z,,g (77k,2n+2)
You+l —ju,?ln+3 N, 2n+1

Thus, the decoding of (d,,.d,,,)" and (d;

on the detection of (d,,,.d, ,,)" . If we compute:

|:Zk,2n :|_5R (hk,1): hk,z Yi,2n *:| ’
Zy ane2 (hk,z) _(hk,l) _(yk,2n+z)

“2n

1 T :
a9y an3) are done in the same manner. Let us focus

we obtain:

d; T
— 2 2 k,2 * k,2 k,2n+2
z2n - (| hk,l | + | hk,Z | )|:d1 n}—i_s{hk,lhkl} 0 ! 1 " +vk,2n’

k,2n

where v, ,, is the noise term given by:

Vk ) _ ER (hk,l )i hk,2 |: 77/(,211 *:|
’ (hk,z) _(hk,l) (’7k,2n+2)

Consequently, t,,, is an interference term, which is not present in classical Alamouti decoding

k,2n
scheme. This term is canceled when Im{#; 4 ,}=0., which implies that the channels are proportional
and the proportionality factor is real. Therefore, alternative schemes will be developed for FBMC to
fully exploit the spatial diversity while providing a simple decoding process.

The delay diversity approach is presented in section 5.2. But, as an introduction to the processing,
zero delay is considered first.

5.2.2 The zero-delay case
The transmission of two real symbols over two consecutive carriers is as follows:
di,=d, d,,,=jd,

k,n k+1,n

dkz,n =d, dk2+1,n =Jjd,
Then, the received signal in the first subchannel states as

v, =(d, + ju)h +(d,+ ju)h, +n,

where 7, is the noise term received in the subchannel 1, and u; accounts for all the interference

components that arise from the filterbank usage, where this interference comes from the two adjacent
subchannels and time instants. On the other hand, the received signal in the second subchannel is as

Y, =(u, + jd,)h +(u, + jd,)h, + 1,
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The receiver now has two different input signals, one on each subchannel, where each input results
into a spatial combination of each one of the two parts d, and d, of the same symbol.

At the receiver side, some processing can be accomplished to deal with the output from subchannel
1, so that we can obtain the following expression with d; and without any component from d,, as
follows:

z, = Re{h" v, +h, "} =(|h1|2 +2Re(thh2)+|h2|2)dl +Re(h'n,)+ Re( ") (5.2.2)

where we can see that all the interference terms u, are removed thanks to the receiver processing.
This is actually a great step as 8§ interfering terms have disappeared. The price for that is some
dependence on the channel phase due to the Re{hfhz} term, that can show positive and negative

values depending on the instantaneous channel conditions of both 4 and j,. Notice that the
information in d, is received with a great spatial antenna gain as it benefits from both 4 and 2, .

Moreover, the data component d, is received without any other data components, so that with the

simple Matched Filter (MF) receiver, the data can be efficiently extracted. Obviously, this single
equation is enough for the detection of d, but we still need another one for d,. Also some proposal

is required to deal with the channel phase effect, as will be later seen.

Applying a different processing at the receiver side for subchannel 2 in order to retrieve the d,
component, we obtain the following equation.

2=tk y, + 'y} = (|Aaf +2Re(H'hy )+ [ ), + 1m (", )+ 1m (B, (5.2.3)

where we also notice that there is not any interference term in the equation. As we saw in (5.2.2), a
channel phase dependence is also present for the detection of d, .

From the previous two equations, the detection of d, and d, seems to be solved as no more
FBMC/OQAM interfering terms are shown in the equations. The problem that we remain to solve is
the channel phase effect due to the Re{hl*hz} term. Notice that the channel phase effect can be

positive or negative, where the receiver is interested in a positive value for the channels phase effect,
so that the decoding process is improved.

The zero delay scheme could be applied with opportunistic transmission, if we define the user with

the best channel conditions as the one who shows a positive and high value for the Re(h;" hy) term,
so that its selection enables the following condition

(|h2|2 + 2Re(hl”h2)+|hl|2) > (|h2|2 +|h1|2)

to guarantee that the phase channel effect is always beneficial to the system performance. Therefore,
the opportunistic transmission is looking for scheduling the user showing

h[ + 2Re(h1”h2)+|h1|2)

max (

over all user
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As the two parts of the symbol have to be detected with the same spatial diversity effect in both
(5.2.2) and (5.2.3) then the same gains are obtained for the two parts of the symbol (i.e. d, and d,»).

5.2.3 Single delay STTC in FBMC with 2 antennas.

As already mentioned, STTC enables also to exploit the diversity. A classical approach to diversity
consists of introducing a delay between the signals transmitted by the different antennas [25]. This is

often referred to as single delay STTC.
FEMC MODULATOR j

Antenna 1

L zm FBMC MODULATOR

Anienna 2

Figure 5.2.1: FBMC Single delay STTC transmitter

Let us consider the single delay STTC scheme with 2 antennas as shown in Figure 5.2.1. The real
data to be transmitted are modulated by an FBMC modulator and transmitted by the first antenna.
The same stream of data is delayed by n,=2 before being modulated by the second FBMC

modulator and transmitted by the second antenna. The delay n, =2 is taken as to have the same
delay as with a CP-OFDM system although a delay of 1, =1 could be chosen. We denote by a, , the

real data from the main stream of data at frequency & and time index n. Thus, at a given subcarrier
k  the transmission is given by:

* Atantenna 0: d;, =a,,

«Atantenna 1: d, , =a,,_,.

At the receive side, the demodulated signal can be written as:
j;k,n = HO,O (d/?,n + jul((),n ) + Hli,,(r)l (d/i,n + ju/lc,n) + ﬂ/c,n

k,n
= H/?:S (4, + ju/?,n )+ Hltg (@0 + jult,n VRg/
where 7, , is the noise component at the subcarrier &k and time instant 7. As the same stream of data
is transmitted over the two antennas, we have:
ullf,n - ul?,n—Z Uk
Moreover, if we assume a channel constant over time, i.e., H) = h,,, H.) =h,,, we get:
Vew Tho(ag, +ju )+, o+ e, )+,

The problem now is how we recover the useful data a,. Based on the work published in [21],

noting z; ,,, = Re{(hu )*j}k,n +(hk,1)*j’k,n+2} , We get.
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Zens2 Re{(hk,z )* j}k,n + (hk,l)*j}k,n-#Z}
= A, I Upa T 2Re{hz,1hk,z} @+ | Iy i Qi T Re{(hk,2 )*771(,11 + (hk,l)*ﬂk,mz}

Hie n+2
Then if we denote:
T T
A :|:Zk,0 Zky Tt Zk,Lf-—Z:| » =|:a0 a, - aLf-—Z:|
T T
z, :|:Zk,] Zry Zk,Lf—]} > Ay :|:a1 a, aLf—I]
T T
0] :|:/uk,0 Heor o /uk,Lffz:| s 1y :|:/uk,l Mz /uk,Lf—l:|
Thus, we have:
G 0 0 |
2Re{hk,1h/:,2} | Ay § :
(I [ 2Re{hk‘1h,:,2} [ 7 [ 0 0
z, = 0 E E E ' R
: . . - " 0
0 0 |7y i 2Re{hk,1h;,2} | 7y I
L . .
by, [ 0 0 |
2m{hk,1hk*,2} [ By, [ :
[ Ay, & 2Re{hk‘1h,:‘2} | Ay, & 0 0
Z, = 0 - - - . : a,+tH,
0 0 | hk,z |2 2Re{hk,1h;,2} | hk,l |2

The decoding of a, or a, is done in the same manner therefore we focus only on the decoding of a, .

An evaluation of the maximum likelihood performance can be done to assess the bound of this STTC
chain. Extension of this scheme to higher number of antennas (3,4 ) and an analysis of more complex

STTC schemes can also be considered.

6 Overview and conclusion

In the multiantenna context, the prototype filter impulse response has the same impact as in the
single antenna case and, therefore, the techniques developed for single antenna can be extended to
MIMO.

Again, two transition phases can be present, related to the preamble symbols and the data symbols.

If appropriate, the preamble transition can be eliminated by the memory preloading technique,
recalled in section 3.4. Similarly, it can be reduced by the burst shortening scheme introduced in
document D2.1.

A simple method to exploit the single antenna techniques is the frequency multiplexing of the signals
of the transmitter antennas, as mentioned in section 3.4.1. The approach leads CFO and timing delay
estimation and also to the measurement of the channel matrix elements, except that an additional
interpolation step is necessary to get the full channel estimation. A key advantage is that there is no
cascading of preambles for the measurements of the channel matrix elements.
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If timing offset estimation in the time domain is desired, then the joint ML technique can be invoked
and it is described in section 2 for multiple antennas. Next, if the transition phase of the data symbols
is to be eliminated or reduced, the auxiliary pilot scheme is used, as described in section 2.2 for CFO
and timing offset estimation and in sections 3.1 and 3.2 for channel estimation.

Concerning scattered pilot/auxiliary pilot pairs in a scenario with multiple transmit antennas, it is
necessary that the pilots be alotted to the different transmit antennas in such a way that, when one
antenna sends a pilot, the others are silent. It was found out that the pilot quality remains good in the
synchronized scheme, and the pilot-based synchronization schemes developed for the single-antenna
case can be expected to perform well also in multi-antenna transmission. In multiuser MIMO
schemes (like collaborative spatial multiplexing of WiMAX), this pilot model shows some level of
robustness, tolerating carrier frequency differences approaching 5% of subcarrier spacing and timing
offsets approaching 5 % of OQAM symbol interval while maintaining 20 dB pilot MSE.

For an initial channel estimate based on preamble, we have investigated a number of methods for
both full and sparse preambles. It was seen that FBMC offers a significant improvement in
estimation accuracy, for low and moderate SNR values. At high SNR regimes, the well-known error
floor (due to the intrinsic interference) again prevails and FBMC is then outperformed by CP-
OFDM. As expected, the crossing point is moved to higher SNR values as the number of subcarriers
increases. It should be noted that, as confirmed in the simulations (Figure 3.1.6), with the optimal
one-symbol preamble there is practically no significant interference neither in frequency nor in time
direction, and hence the error floor is not an issue. Although only 1.5 complex symbols are used, the
obtained estimation performance is significantly better than all the other schemes considered.

In subsection 3.2, several pilot schemes for two and four antennas have been adapted to the FBMC
scheme following the DL-PUSC basis in WiMAX standard. Obtained performance results
concerning the POP scheme makes it inappropriate for filter bank applications and compared with
the conventional OFDM scheme neither similar or better performances are achieved. The IMR-b
scheme achieves better results than the POP due the use of more APC carriers, exactly 4 aided pilots.
Using the IAMb in Veh-A channel very similar performance in terms of BER is achieved with
FBMC scheme and OFDM. Note that using the IAM-b, still not all the interferences (€2 ;) that affect
the pilot d'4, could be estimated but almost the largest interference weights caused by the
PHYDYAS filter bank contributions. However the use of auxiliary pilots with one help pilot carrier
to cancel the interference within the secondary part seems an interesting candidate to be used in
FBMC, as it achieves the same performances as the OFDM and outperforms it using a MMSE
equalization. The adapted approach for DL-PUSC mode eliminates the secondary interference from
the neighbouring symbols onto the antenna pilot. The use of scattered pilot combines the auxiliary
technique and the APC approach, the antenna’s pilot positions are overlapped and their values
combined such that the pilot position doesn’t suffer the effect of the surrounding interference due to
the largest weights of the PHYDYAS filter. In pedestrian channel the FBMC performances using
scattered pilots are very similar to CP-OFDM.

The issue of channel tracking in case of high mobility combines nicely with the adaptation capability
of FBMC and a Kalman filter approach is presented in section 3.3, showing a 3 dB gain in mean
square error power.

Now, once the channel measurements are available, the sub-channel equalizer coefficients can be
derived through a straight application of the schemes reported in documents D2.1 and D2.2. For
comparison purposes, the MMSE classical techniques are recalled in section 4.1.2.
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With FBMC, due to the presence of the sub-channel equalizers, it is possible to implement more
sophisticated techniques, involving the successive interference cancellation principle, as described in
sections 4.1.3-6. Simulations show that gains can be obtained at high SNR values.

The frequency-sampling based method for subcarrier equalizer design was extended to antenna
diversity reception in SIMO transmission and also to the MIMO case. Three-tap subcarrier equalizers
were shown to provide significant performance gain over 1-tap equalizers with increasing channel
delay spread and/or significant timing offsets. The frequency sampling based MIMO solution
provides a good tradeoff between complexity and performance when there is modest frequency
selectivity with the subcarrier bandwidth.

The present document is related to the beginning of the work in WP4. In the next phase, the MIMO
techniques will be developed. An introduction to these techniques is provided in section 5, which is a
transition to the work which will be reported in the next deliverable.
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