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ABSTRACT

Filter Bank Multi-Carrier (FBMC) has been identified by many
authors as a possible successor for orthogonal frequency-division
multiplexing in 5G. In this paper, we consider pilot-symbol aided
channel estimation in FBMC. To deal with the imaginary interfer-
ence, inherently caused in FBMC, we employ auxiliary symbols.
In contrast to previous works, we propose to use multiple auxiliary
symbols per pilot which decreases the peak-to-power average ratio
and, for certain operation points, also increases the achievable ca-
pacity. The applicability of our channel estimation method is then
validated through real world measurements, where we show that
multiple auxiliary symbols lead to a higher throughput for practical
relevant signal-to-noise ratios.

1. INTRODUCTION

Currently, the wireless communication research community is in-
vestigating the next generation of wireless systems (5G) [1–4] and,
in particular, which modulation format will succeed Orthogonal Fre-
quency Division Multiplexing (OFDM) [5,6]. FBMC [7–9] has been
identified as a strong contender due to its superior spectral proper-
ties compared to OFDM [10]. Note that different names, such as
cosine-modulated multitone, staggered multitone and OFDM/Offset
Quadrature Amplitude Modulation (OQAM), have been used to de-
scribe, essentially, the same concept that we will refer to here as
FBMC.

Although FBMC behaves in some aspects very similar to
OFDM, channel estimation becomes more challenging due to the
imaginary interference, inherently caused in FBMC. In principle, we
can distinguish between preamble based channel estimation [11, 12]
and pilot symbol aided channel estimation [13–16]. We will focus
on the latter because pilots allow a simple tracking of the channel in
time, which also explains its application in the current LTE standard.
In order to straightforwardly employ pilot symbol aided channel es-
timation in FBMC, we have to cancel the imaginary interference at
the pilot positions. To do this, [13] utilized one dedicated symbol
per pilot, the so called auxiliary symbol [14]. However, the draw-
back of this method is a large offset of the auxiliary symbol power
compared to the data symbol power. To deal with this problem, we
suggested in [16] to use two auxiliary symbols instead of one which
improves the Peak-to-Average Power Ratio (PAPR) and increases
the achievable capacity for certain Signal-to-Noise Ratio (SNR)
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ranges. Another method to avoid the power offset, at the expense
of computationally complexity, is described in [15] which relies on
coding at both, transmitter and receiver. Authors in [17] combined
auxiliary symbols and coding, resulting in intermediate complexity
and a (small) power offset.

Testbed measurements [18–21] are a crucial step to validate if
theoretical concepts work in real word environments. However, due
to the underlying complexity of such measurements and the fact that
they are quite expensive, measurements are often neglected.

Novel contribution: Firstly, we extend our idea in [16] to a
higher number of auxiliary symbols. Secondly, while [16] relies on
an oversimplified model based on achievable capacities, we validate
our channel estimation method by real world throughput measure-
ments.

2. SYSTEM MODEL

In multicarrier transmissions, the data symbol xl,k at subcarrier po-
sition l and time position k is modulated by the basis pulse gl,k(t),
so that the transmitted signal s(t), consisting of L subcarriers andK
multicarrier symbols, can be written as:

s(t) =

K−1∑
k=0

L−1∑
l=0

gl,k(t)xl,k, (1)

with
gl,k(t) = p(t− kT ) ej2π lF (t−kT ) e jθl,k . (2)

The basis pulse in (2) is essentially a time and frequency shifted ver-
sion of the prototype filter p(t). In order to maximize the throughput,
time spacing T together with frequency spacingF should be as small
as possible. However, orthogonality requires TF ≥ 1. Besides or-
thogonality and TF = 1, another desired property is localization
of the pulse in both, time and frequency. Unfortunately, not all of
these properties can be fulfilled at the same time according to the
Balian-Low theorem [22]. In OFDM (θl,k = 0), the prototype filter
p(t) is based on a rectangular function, violating the requirement of
frequency localization (and TF > 1 if a Cyclic Prefix (CP) is used).
In FBMC, on the other hand, the (complex) orthogonality condition
is replaced by the less strict real orthogonality condition. For our
FBMC system we consider a basis pulse which is based on Hermite
polynomials Hi(·), as suggested in [23], because it offers a good
trade-off between time localization and frequency localization and
the pulse has the same shape in the time domain and in the frequency
domain, allowing us to exploit symmetries. Such pulse, see [16],
guarantees orthogonality of (2) for a time spacing of T = T0 and
a frequency spacing of F = 2

T0
. The idea in FBMC is now to re-

duce the time-spacing as well as the frequency spacing by a factor
of two, leading to TF = 1

2
(real symbols) which is equivalent (in

terms of transmitted information per time unit) to TF = 1 (complex
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symbols). Of course, such time-frequency squeezing causes interfer-
ence which, however, is shifted to the purely imaginary domain by
θl,k = π

2
(l + k) in (2), making such system very similar to OFDM.

At the receiver, we obtain the received symbol yl,k by projecting the
received signal r(t) onto the basis pulse gl,k(t), leading to:

yl,k = 〈r(t), gl,k(t)〉 =
−∞∫
−∞

r(t)g∗l,k(t) dt, (3)

with 〈·, ·〉 denoting the inner product. In OFDM, the complex
orthogonality condition guarantees that 〈gl1,k1(t), gl2,k2(t)〉 =
δ(l1−l2),(k1−k2) while in FBMC we observe imaginary interfer-
ence which has to be canceled by taking the real part, that is,
<{〈gl1,k1(t), gl2,k2(t)〉} = δ(l1−l2),(k1−k2). In order to simplify
analytical investigations, we stack the transmitted data symbols xl,k
in a vector x, the receiced data symbols yl,k in a vector y and the
channel coefficients hl,k in a vector h according to:

x =
[
x1,1 x2,1 · · · xL,1 x1,2 · · · xL,K

]T (4)

y =
[
y1,1 y2,1 · · · yL,1 y1,2 · · · yL,K

]T (5)

h =
[
h1,1 h2,1 · · · hL,1 h1,2 · · · hL,K

]T
. (6)

We assume Additive White Gaussian Noise (AWGN) and a channel
for which the Doppler spread and the delay spread are assumed to be
so low, that inter-carrier interference and inter-symbol interference
can be neglected. We can then write our transmission system model
in matrix notation as [24]:

y = diag(h)Dx+ n, (7)
where the element in the (l1+k1L)-th column and the (l2+k2L)-th
row of D is given by:

[D](l1+k1L),(l2+k2L) = 〈gl2,k2(t), gl1,k1(t)〉. (8)
In OFDM, matrix D becomes an identity matrix, D = ILK ,
whereas for FBMC, matrix D has imaginary elements at the off-
diagonal and only by taking the real part we observe an identity
matrix, <{D} = ILK . Vector n in (7) represents Gaussian dis-
tributed noise n ∼ CN (0, Pn D). So far, we assumed that OFDM
uses a time-frequency spacing of TF = 1. However, in practice, a
CP is usually included, sacrificing spectral efficiency (TF > 1) in
order to increase robustness. Note that the cyclic prefix extends the
rectangular pulse at the transmitter by the length of the CP, so that
the condition of orthogonality transforms to bi-orthogonality.

3. PILOT-SYMBOL AIDED CHANNEL ESTIMATION

The idea of pilot-symbol aided channel estimation [24, 25] is quite
simple: dedicated “data symbols”, the so called pilots, are known a
priory at the receiver. At the pilot positions (l, k) ∈ P , we divide
the received symbols yl,k by the pilot symbols xl,k, which deliv-
ers a Least Squares (LS) estimation of the channel hl,k and can be
interpreted as sampling of the channel transfer function at the pilot
positions. In vector notation this reads as:

ĥLS
P = diag(xP)

−1yP , (9)
where xP represents all pilot symbols in vectorized form and yP
the received data symbols at the pilot positions. In order to obtain
the remaining channel coefficients, that is, the channel at the data
positions (l, k) ∈ D, we interpolate and extrapolate:

ĥ = AĥLS
P . (10)

Here, A ∈ CLK×|P| describes a large range of possible interpola-
tion methods, such as, linear, spline, nearest neighbor or Minimum
Mean Squared Error (MMSE) interpolation. In OFDM, the channel
estimation works exactly as described above, but in FBMC it be-
comes more challenging due to the imaginary interference. FBMC
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Fig. 1. In FBMC, neighboring symbols cause imaginary interfer-
ence, whereby the corresponding interference weights are shown.
Auxiliary symbols allow to cancel the imaginary interference, so that
pilot symbol aided channel estimation can be straightforwardly ap-
plied. A higher number of auxiliary symbols decreases the harmful
power offset, as shown in Table 1.

Table 1. Auxiliary symbol power offset (α = 0.4357)
1 Aux. 2 Aux. 3 Aux. 4 Aux.

PA
PD

1−α2

α2 = 4.27 1−2α2

(2α)2
= 0.82 1−3α2

(3α)2
= 0.25 1−4α2

(4α)2
= 0.08

is based on the idea of taking the real part in order to get rid of
the imaginary interference. However, this only works after channel
equalization which is clearly not possible prior to channel estima-
tion. Thus, the channel estimation has to be performed in the com-
plex domain but the random imaginary interference has the same
power as the data symbols, leading to a signal-to-interference ratio
of 0 dB, which is clearly too low for accurate channel estimations.
In order to straightforwardly employ pilot symbol aided channel es-
timation, we thus have to cancel the imaginary interference at the
pilot positions which will be accomplished in this paper by auxiliary
pilot symbols [14].

4. AUXILIARY PILOT SYMBOLS

As indicated in (7) and shown in Figure 1, several symbols close
to the pilot symbol cause imaginary interference. In the classical
approach [13], one of these symbols is utilized to cancel the imag-
inary interference from all other symbols. However, the imaginary
interference weight is smaller than one, in our case 0.4357 < 1,
which implies that the auxiliary symbol power has to be increased
in order to compensate for this loss. Let us take a closer look at this
power offset: the auxiliary symbol has to compensate the imaginary
interference from the surounding symbols (excluding the auxiliary
symbol), leading to a interference power of (1 − 0.43572). Ad-
ditionally, the auxiliary symbol has to be multiplied by 1

0.4357
to

compensate for the loss given by the interference weight. Thus, the
auxiliary symbol power is (1−0.43572)

0.43572
= 4.27 times higher than the

data symbol power. In [16] we suggested to use two auxiliary sym-
bols which split the cancellation job between them, decreasing the
power offset from 4.27 to 0.82. By extending this method to three
and four auxiliary symbols, we can further decrease the power off-
set, as shown in Table 1. Of course, an increased number of auxiliary
symbols per pilot also decreases the number of available data sym-
bols. However, as we will show in Section 5, the saved power offsets
the loss of data symbols, leading to an increased throughput for cer-
tain SNR ranges. The general condition for auxiliary symbols can



be expressed as [16]:
xA = D#

P,A (IP −DP,P)xP −D#
P,ADP,DxD, (11)

with

D#
P,A = DH

P,A

(
DP,AD

H
P,A

)−1

. (12)

The vector xP ∈ R|P|×1 denotes all those elements of x at the
pilot positions. The same applies to xD ∈ R|D|×1 at the data posi-
tions and xA ∈ R|A|×1 at the auxiliary positions. Similar, matrix
DP,D ∈ C|P|×|D| consists of the row elements and the column ele-
ments of D at the pilot positions respectively data positions. Again,
the same is true for DP,P and DP,A.

Let us denote the data symbol power by PD = E{|xl,k|2}
for (l, k) ∈ D, the pilot symbol power by PP = E{|xl,k|2}
for (l, k) ∈ P and the (average) auxiliary symbol power by
PA = 1

|A| tr{E{xAx
H
A}} with xA given by (11). By ignoring

edge effects and if the pilots are spaced sufficiently far away from
each other so that no noticeable interference occurs between them,
PA is given in Table 1. The SNR can be expressed as:

SNROFDM =
|DOFDM| PD,OFDM + |POFDM| PP,OFDM

LOFDM KOFDM Pn
(13)

SNRFBMC =
|DFnA.| PD,FnA. + |PFnA.| PP,FnA. + |AFnA.| PA,FnA.

LFBMC KFBMC
Pn
2

,

(14)
where the subscript “FnA.” is short for FBMC employing n=1 . . . 4
auxiliary symbols per pilot. In FBMC, we operate in the real domain,
so that the complex noise power is reduced by a factor of two, as
shown in (14). For a fair comparison of OFDM and FBMC, we
always consider the same average transmit power PS, defined as:

PS =
1

KT

−∞∫
−∞

E{|s(t)|2}dt, (15)

whereKT represents the length of the signal in the time domain and
s(t) the transmitted signal given in (1). Let us assume that OFDM
and FBMC both use the same frequency spacing F . For the same
transmit power PS, the following relationship holds:

SNRFBMC = SNROFDM
LOFDM

LFBMC
. (16)

In particular, for the same number of subcarriers L, both have the
same SNR although FBMC experiences only half the noise power
as shown in (14). However, because the pulses overlap in time, the
symbol power also has to be reduced by a factor of two, leading to
the same SNR. If FBMC employs a higher number of subcarriers,
the transmit power has to be distributed over a higher bandwidth
which reduces the available power of each symbol while at the same
time the noise power remains constant, therefore reducing the SNR.

Now that we have specified the available data symbol power,
see (13), (14) and (15), let us investigate the achievable capacities
(which include the system overheads such as pilot symbols). We
interpret each time-frequency position as a separate Rayleigh fading
channel, so that the achievable ergodic capacities for perfect channel
knowledge become [26]:

COFDM =
|DOFDM| Eh

{
log2

(
1 + |h|2 PD,OFDM

Pn

)}
KOFDM TOFDM

(17)

CFBMC,n-Aux. =
|DFnA.| Eh

{
1
2
log2

(
1 + |h|2 PD,FnA.

Pn/2

)}
KFBMC TFBMC

, (18)

where h reflects the unit power Rayleigh fading channel, h ∼
Rayleigh(1). The main idea of this paper is to increase the number
of auxiliary symbols |A| which reduces the number of data symbols
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(marginally) worse.

|D|, but increases the available power for the remaining data sym-
bols because the power of auxiliary symbols can be greatly reduced,
see Table 1.

5. TESTBED MEASUREMENTS

FBMC has a higher spectral efficiency than OFDM because it does
not employ a CP and, due to much lower side lobes, requires a
smaller guard band. In order to validate this improvement and to
show the feasibility of our channel estimation method, we measure
an 1.4 MHz LTE like system using the Vienna Wireless Testbed [27–
30]. For OFDM, we assume a subcarrier spacing of F = 15 kHz,
K = 14 symbols and a CP length of 4.76 µs, resulting in a transmis-
sion time of KT = 1ms. FBMC also employs a subcarrier spacing
of F = 15 kHz and uses K = 30 (real symbols), also leading to a
transmission time ofKT = 1ms. Although LTE occupies 1.4 MHz,
it only utilizes L = 72 subcarriers (LF = 1.08MHz). Due to much
lower side lobes in FBMC, we are able to increase the number of
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channel is highly correlated, moving block average performs better
than linear interpolation. Compared to the theoretical upper bound,
the throughput is approximately 3 dB off (ignoring saturation for
high SNR values).

subcarriers to L = 87, corresponding to LF = 1.305MHz and
a power spectral density that is below 84 dB of its maximum value
for frequencies outside the 1.4 MHz bandwidth. For OFDM, the pi-
lot symbol pattern is chosen according to the LTE standard, that is,
a diamond-shaped pattern with a pilot density of |P|/(KT LF ) =
0.044. The pilot symbol power is the same as the data symbol power,
PP = PD . For FBMC, we chose a similar pilot pattern where, in
particular, the pilot density is the same as in OFDM. However, the
pilot power is increased by a factor of two, PP = 2PD , so that
the channel estimation (complex domain) and the data transmission
(real domain) experience the same SNR. We transmit our signal at
a carrier frequency of 2.4955 GHz and obtain different channel real-
izations, corresponding to Rayleigh fading, by moving (and rotating)
the receive antenna to 4096 different positions within a 4×4 wave-
length grid. For the measured throughput, we use turbo coding in
combination with 15 Channel Quality Indicator (CQI) values, corre-
sponding to a specific modulation order and code rate, as defined in
the LTE standard. We transmit the signal for all CQI values consec-
utively and choose at the receiver the highest possible throughput,
that is, the highest CQI value for which all data bits were detected
correctly after turbo decoding.

Figure 2 compares the expected transmit power for OFDM and
FBMC. The large power offset of one auxiliary symbol also leads
to a high PAPR (the peak values are considered over the whole 1 ms
time interval), as shown in Figure 3. By using our approach of mul-
tiple auxiliary symbols, we can mitigate these harmful effects.

The measured throughput and the theoretical upper bound, see
(17) and (18), are shown in Figure 4. To keep the illustration simple,
we considered only the case of one auxiliary symbol here. Instead
we compare different interpolation methods, see (10), namely, linear
interpolation (of the three closest pilot estimates) and moving block
average, which averages all pilot estimates who are within a time-
frequency range of 15 time-symbols and 12 subcarriers. The latter is
possible because the channel is highly correlated in both, time and
frequency, so that moving block average outperforms linear interpo-
lation by approximately 1.7 dB SNR.

Using the SNR relationships given in (14) and (16), we calcu-
lated that for one auxiliary symbol, the data symbol SNR is shifted
by 1.22 dB compared to OFDM. Similar, for two auxiliary symbols

−5 0 5 10 15 20 25

0

5

10

15

20

25

30

Im
p
ro
v
em

en
t
o
f
F
B
M
C

co
m
p
a
re
d
to

O
F
D
M

(%
)

Estimated Signal-to-Noise Ratio for OFDM (dB)

−5 0 5 10 15 20 25

0

5

10

15

20

25

30

Im
p
ro
v
em

en
t
o
f
F
B
M
C

co
m
p
a
re
d
to

O
F
D
M

(%
)

Estimated Signal-to-Noise Ratio for OFDM (dB)

1 Aux.2 Aux.

3 Aux.

4 Aux.

Fig. 5. Achievable capacities, see (17) and (18): Relative improve-
ment of FBMC compared to OFDM. Depending on the SNR, it is
possible to improve the performance of one auxiliary symbol by em-
ploying multiple auxiliary symbols.
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Overall, the possible improvement behaves similar to our theoretical
considerations in Figure 5. However, for a high SNR and a low SNR,
we observe deviations due to the limited number of CQI values.

it is 0.88 dB, for three 0.7 dB and for four 0.55 dB. Thus, by increas-
ing the number of auxiliary symbols, we increase the data symbol
SNR, but at the same time, the number of data symbols decreases.
The overall effect on the achievable capacity is shown in Figure 5
and for the measured throughput in Figure 6. For a low SNR, the
throughput-gain of an increased data symbol SNR outweighs the
throughput-loss due to fewer data symbols, so that multiple auxil-
iary symbols per pilot perform better than one auxiliary symbol. For
a high SNR, we observe an opposite effect. We also see that there is
little advantage of using more than two auxiliary symbols.

6. CONCLUSION

One auxiliary symbol per pilot, as usually considered in literature,
leads to a poor PAPR, so that we suggest to use multiple auxiliary
symbols. For practical relevant SNR ranges, multiple auxiliary sym-
bols even increase the throughput. By measuring the throughput
using the Vienna Wireless Testbed, we show that our approach of
multiple auxiliary symbols works in real world scenarios.
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[4] E. Zöchmann, S. Schwarz, and M. Rupp, “Comparing an-
tenna selection and hybrid precoding for millimeter wave wire-
less communications,” in IEEE Sensor Array and Multichannel
Signal Processing Workshop (SAM), Rio de Janeiro, Brazil, Jul.
2016.

[5] G. Wunder, P. Jung, M. Kasparick, T. Wild, F. Schaich,
Y. Chen, S. Brink, I. Gaspar, N. Michailow, A. Festag et al.,
“5GNOW: non-orthogonal, asynchronous waveforms for fu-
ture mobile applications,” IEEE Communications Magazine,
vol. 52, no. 2, pp. 97–105, 2014.

[6] P. Banelli, S. Buzzi, G. Colavolpe, A. Modenini, F. Rusek, and
A. Ugolini, “Modulation formats and waveforms for 5G net-
works: Who will be the heir of OFDM?: An overview of alter-
native modulation schemes for improved spectral efficiency,”
IEEE Signal Process. Mag., vol. 31, no. 6, pp. 80–93, 2014.

[7] H. Bölcskei, “Orthogonal frequency division multiplexing
based on offset QAM,” in Advances in Gabor analysis.
Springer, 2003, pp. 321–352.

[8] B. Farhang-Boroujeny and C. H. Yuen, “Cosine modulated and
offset QAM filter bank multicarrier techniques: a continuous-
time prospect,” EURASIP Journal on Advances in Signal Pro-
cessing, vol. 2010, p. 6, 2010.

[9] M. Bellanger, D. Le Ruyet, D. Roviras, M. Terré, J. Nossek,
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