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ABSTRACT

By application of pulse shaping, the FBMC (Filter Bank
Multi Carrier) based offset-QAM-OFDM (OQAM-OFDM)
modulation scheme offers a new degree of freedom in de-
signing mobile communication systems. In this contribution
we investigate the coexistence performance in terms of in-
terference isolation of individually configured sub-bands,
i.e. individual prototype filter functions (PFF) and/or sub-
carrier spacing per sub-band, in the context of multi-user
or multi-service scenarios as envisaged for 5G. To that end,
we analyze the synchronization requirements of different of
PFF from literature suggested for OQAM-OFDM and de-
termine the required amount of guard bands with respect to
the applied PFFs and subcarrier spacing configurations. The
simulation results prove that the required amount of guard
bands for OQAM-OFDM systems is independent on the time
offset between different users. As a rule of thumb we can
state, that for a minimum co-user interference isolation of
20 dB a bandwidth of one subcarrier spacings of the user
with the largest subcarrier spacing has to be used as in-band
guard bands.

Index Terms— OQAM-OFDM, Pulse shaping, Proto-
type filter, FBMC, Coexistence, MTC

1. INTRODUCTION

Most of the nowadays mobile communication systems are
single-service systems based on Cyclic-Prefix OFDM (CP-
OFDM), e.g. LTE, DVB-T and WiFi. This modulation
scheme is not the perfect match for multi-service scenar-
ios as envisaged for the upcoming mobile communication
standard 5G. Due to the inherent rectangular pulse shaping,
CP-OFDM suffers from high co-user/co-service interference
in case synchronization in time and/or frequency cannot es-
tablished perfectly. This leads to the need for a large amount
of guard bands between users/services to enable coexistence.
In MTC scenarios, which are as well intended to be covered
by 5@, it is not beneficial to keep users strictly synchronized,
since typical machine type devices are supposed to transmit
with very low duty cycles in the range of several seconds up
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to minutes or hours without being always connected to the
network, to save signaling overhead and therefor to extend
battery lifetime [1].

To enhance the coexistence capabilities of the complete sys-
tem design, a modulation scheme better spectral containment
of the signals is advised. One promising candidate to achieve
a high overall spectrum occupancy which is discussed in
literature is the FBMC based OQAM-OFDM. In contrast to
CP-OFDM it enables the usage of PFF, which can be designed
to reduce the side lobes of the spectra and thus improve the
coexistence capabilities of a communication system with ad-
jacent or in-band interferer [2]. Additionally, the flexibility of
the FBMC structure enables full adaptivity of waveform and
transceiver design responding to any kind of requirements
given by a service or application [3].

Recent studies proved that the theoretically predicted per-
formance gains obtained by channel adaptive pulse shaping
translate to considerable SIR improvements in practical sce-
narios [4]. In this work, we investigate the influence of
channel adaptive modulation on the interference isolation in
the context of multi-user or mixed-service scenarios. There-
fore, we analyze the coexistence performance of individu-
ally configured sub-bands under consideration of PFFs from
literature suggested for OQAM-OFDM and determine the
required amount of guard bands with respect to the applied
PFFs and subcarrier spacing configurations as depicted in
Figure 1.

The rest of the paper is organized as follows. In section 2 the
applied OQAM-OFDM system model is introduced, followed
by the description of the modeling of interference between
coexisting systems with different configurations in section 3.
The simulation results are discussed in section 4. Finally the
main outcome is summarized in the conclusion.

2. SYSTEM MODEL

In this section, we first provide a description of the system
model followed by the derivation of the co-user interference
in dependence on time and frequency synchronization off-
sets as well as the size of in-band guard bands. This work
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Fig. 1. Time-frequency plane schematic for the coexistence of
two non-synchronized OQAM-OFDM systems utilizing dif-
ferent subcarrier spacings. Thereby user u has twice the sub-
carrier spacing of user .

merely focuses on the influence of the co-user interference of
OQAM-OFDM systems and thus receiver noise is neglected
in our investigation. Accordingly, the time-discrete system
model considered in this paper is described by

= 5" hufn] # sl (1)

uelU

whereby the received signal r[n] at sample index n is an ag-
gregation of U = |U]| active user specific transmit signals
su[n], passing through user specific channels with impulse
response hy[n]. The applied lattice grid in relation to the
symbol duration K, is defined by 7y and vy, where 7y and
vy are the normalized symbol duration and subcarrier spac-
ing, respectively. Here, these parameters are set to 79 = 0.5
and vy = 1. For an OQAM-OFDM system utilizing a total
number of K,, € N subcarriers with 3K, : 70K, ¢ N, the
oversampled transmit signal s, [n] for the u-th user is given
by

su[n] = Z Om, ki mPi [n
(m,k)

—mK,] 2)

where dj, ,,, is a real-valued OQAM symbol mapped to sub-
carrier k£ € K, of the FBMC symbol with time index m €
M, and 0,, 1 = j™*F represents the phase shift required to
establish the real orthogonality at the receiver for OQAM-
OFDM in the time-frequency plane. K,, € {0,1,..., K —1}
indicates the set of subcarriers allocated by user u and M,
the set of allocated FBMC symbols, respectively. p}[n] is
the user specific real valued and symmetric PFF modulated at
subcarrier k according to

pk[n] _ p[n]e—jQTrTouokKLu' (3)

As mentioned before users may have different subcarrier
spacings. To unify the user specific lattice grids a joint virtual
lattice grid with K virtual subcarriers is introduced for all
users, where VK, : K/K, € NAK,e, = K holds. Thereby
€., 1s the user specific oversampling factor in frequency do-
main.
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In our investigation each user is subject to a propagation de-
lay 7, € RA T, K € Z normalized to the joint virtual symbol
duration K and a carrier frequency offset (CFO) v, € R
normalized to the joint virtual subcarrier spacing caused by
oscillator imperfections, respectively. The user specific chan-
nel impulse response h,, [n] is defined by

hu[n)=6[n — 7, K]e I™ek 4)
With the symmetry properties of the PFFs the received real

OQAM symbols dj, - for user & € U can be detected by
utilizing matched filtering as below:

d a%{etk 3 {ngmuK} } 5)

n=—oo

Given the channel impulse response defined in (4), i.e. r[n] =
> uew Suln — T K]e™I™ i and by application of the cross
ambiguity function A, (7, v) for two real-valued PFFs p*[n]
and p®[n] according to

oo

Aya(r,v) = Y p*[nlp*In—7K]e ™R, (6)

n—=—oo

with 7K € Z,v € R, (5) can be rewritten according to

B =R 2 D O ibmadim

u€U (m,k)
> m m
DI [n— <+n> K}p}j [n— K] eﬂ“”uﬁ}.
Eu Ea
n=-—o0o
Aua (%7%77—1“]25&7]9511.)7”14.)

(7

With the set U, of coexisting users, K, =k — K, and M,
M — M, 1 € M, and x € K, being the differences between
the OQAM symbols and subcarriers, respectively, (7) can be
split into a data and two different interference parts according
to

w _ gu R _ .
i = i g Aaa (=T —va)
data
i R (M
(,15) “

intrinsic interference, u=1u, (u,x)#(0,0)

+Z Zdu K,m— MA§“<MMO Tus Eul— HOVu)»

u€Uc(u,k)

co—user interference, u=U\U.

®)
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Fig. 2. Example of a two user scenario utilizing different sub-
carrier spacings with e = 2 and ¢, = 3 and a guard band of
Ak, = 9 subcarriers.

with
AR < — Ty, Euli— 1/u> %{9: pAua (MTU,FJUH - z/u>},
Eu ’ Eu
)
and
Eu m
mz(—Q, (10)
Eq Eu
Ko = (1 — E“) e )
Eu

In case of perfect time and frequency synchronization for user
U, i.e. 73 = vg = 0, and having an approximately perfect
reconstruction performance of pulse p*[n], (8) reduces to

km Z Z dk K,1m— MA?u (i_AHuvsuK_AHu>a

u€Uc (p,K)
co-user interference
+dy 5 AT (0,0); (12)
data
Ho
Ay = 4+ ATy; Aky = Koey + ATy (13)
Eu

with A7, = 7, — 73 and Ay, = v, — vy being the rela-
tive time delay and frequency offset between the received and
co-existing users, respectively. Note that the amount of re-
ceived co-user interference per OQAM symbol depends on
the OQAM-OFDM symbol position m within the transmis-
sion signal.

3. COEXISTENCE PERFORMANCE

The coexistence performance between spectrally adjacent
users is measured by the signal-to-interference ratio (S1Rj),
which determines the amount of intrinsic interference power
o? and the time and frequency offset dependent co-user inter-
ference o2(Afpty, Ak,) induced to the demodulated data of
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,~€ of power 2. This can be defined according to

o2

= . 14
02 + 02(Apiy, Aky,) a4

SIR: (A, Aky) =

According to (12), with the assumption of perfect time and
frequency synchronization, the intrinsic interference is negli-
gible and the ST R; can be rewritten as

o3
02 (Atty, Aky)

0.2

=SS o2k A Ary) Y

u€Ue (p,k)

SIRG;(Apy, Aky) =

where o2(u, k, ATy, Av,) denotes the co-user interference
power induced by the OQAM symbol of user u with sym-
bol and subcarrier offset p and x, respectively. Based
on (12), statistically independent data symbols and with
E{|dk,m|*} = 1/2, the average energy o> = ]E{|(ka|2}
received per OQAM symbol can be obtained by

1, % 2
=3 ‘Aaa(070)|

0.2

+ZI§:

u€U; (p,

2

‘ <—Auu,€un—Anu) . (16)

2 (fhy6, A, A b,

For the estimation of the coexistence performance it is
our descision to analyze the worst case coexistence sce-
nario for multi-user cases as depicted in Figure 2 and to
evaluated the minimal SIR in a system. For this coex-
istence case of two users, kg and po in (13) simplify by
ko € {0,...,max(e,,e5) — 1}, denoting the integer sub-
carrier spacing offset between two users, and py € My =
{0,...,2e, — 1}/(eyueq), denoting the fractional OQAM-
OFDM symbol offset normalized to K, respectively. Accord-
ingly, (15) can be rearranged to

|A§ﬁ(070)|2

(E) ‘A?}a(ﬁ — Ay, sun—Amu)

SIRG;(Apy, Aky)=

3"

a7

As mentioned in the previous section, the co-user interference
depends on m. To evaluate the performance of different co-
user scenarios, we define the time and frequency offset depen-
dent mean SIR ST R;(AT,, Ak,,), which is given as follows

STRy(ATy, Aky)= > SIRi(Apa(po), Aky). (18)

M| 0|H =
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Fig. 3. SIR of a border subcarrier of a perfectly synchronized OQAM-OFDM system with ; coexisting with an OQAM-
OFDM system with €, and time offset A7, as well as frequency offset Ax,,, each utilizing a Phydyas PFF with overlapping

factor v = 4.
4. RESULTS

In this section, we quantify the coexistence performance for
the scenario described in the previous section utilizing the
Phydyas PFF [5] and IOTA PFF with spreading factor o =
{1,2,3} [6] with an overlapping factor y = 4, which have
been suggested for FBMC systems, as well as different sub-
carrier spacing ratios ¢ = exp(|In(ez/e,)|). For this pur-
pose the influence of synchronization errors on the amount of
inflicted interference is investigated, followed by an assess-
ment of the dimensioning of guard bands between different
users. From system development and implementation point
of view it is beneficial to limit the amount of different subcar-
rier spacing modes to minimize hardware costs. As subcar-
rier spacing ratios € = 2%;x € Z can be implemented with-
out reasonable hardware costs by implementation of a max-
imum size FFT, we restrict our investigations on this set of
values. As currently deployed broadband mobile communi-
cation systems operating with a bandwidth of 5 MHz utilize
64 (802.11a) up to 512 (LTE) subcarriers, it is suitable to in-
vestigate z = {0,...,3}.

4.1. Synchronization robustness

For the evaluation of the synchronization error robustness, we
analyze selected PFF and subcarrier spacing scenarios. Ex-
ample SIR plots for a two user scenario utilizing the Phy-
dyas PFF and a subcarrier spacing ratio ¢ = 2 undergoing
time and frequency offsets are depicted in Figure 3. Therein
Figure 3a depicts the STR for the system with the smaller
subcarrier spacing and Figure 3b the SIR of the one with the
larger subcarrier spacing. Figure 3¢ shows the minimum SIR
in the coexistence scenario between both systems. In Figure
4 the STR performance for coexisting OQAM-OFDM sys-
tems utilizing the Phydyas and the EGF with « = 2 PFFs
is presented. From these results two different aspects for the
coexistence performance of OQAM-OFDM systems can be
deduced. First, the system utilizing the PFF with the highest
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Fig. 4. Minimum STR of a border subcarrier of a perfectly
synchronized OQAM-OFDM system utilizing a Phydyas PFF
coexisting with an OQAM-OFDM system utilizing a EGF
PFF with o = 2 and with a time offset Ar,, as well as fre-
quency offset Ax,,.

energy spread in frequency domain mainly effects the min-
imum SIR within the coexisting scenario. This can be ex-
plained by the fact that the energy within a certain bandwidth
collected from adjacent systems is the higher the larger the
spread of the receiving PFF is. The second issue is the ob-
served approximately timing offset independence of the SIR.
This property proves OQAM-OFDM to be a potential candi-
date for application in asynchronous multi-service and MTC
systems.

4.2. Guard band dimensioning

Besides the synchronization robustness it is mandatory to de-
termine the required amount of virtual guard carriers Ak for
target minimum SIR and maximum CFO Avy, max > |Avy|
values in different coexistence scenarios. The guard carriers
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Ak =1
| EGF 1 [ EGF2 | EGF3 | Phydyas

EGF1 || 295 | 183 | 144 | 314
EGF2 || 203 | 157 | 128 | 202
EGF3 | 160 | 134 | 113 15.8

Phydyas | 300 | 18.1 | 142 | 32.6

Ak =2
EGF1 || 476 | 352 | 272 | 504
EGF2 || 340 | 292 | 247 | 344
EGF3 | 253 | 234 | 2L.1 254
Phydyas | 51.5 | 355 | 272 | 669
Ak =4
EGF1 || 516 | 533 | 469 | 535
EGF2 || 548 | 566 | 452 | 64.1
EGF3 | 455 | 441 | 393 | 460
Phydyas | 554 | 650 | 475 | 849

Table 1. Maximum ST R [dB] achievable for a certain amount
of guard carriers Ak taking a maximum carrier frequency off-
set Avy max = 0.5 into account. The left column holds the
PFF of the receiver system and the top row the PFF of the
coexisting one.

Ak in the virtual grid K can be calculated according to
Ak = [xsnllg(mu _ Az/uymax)—‘ _1, (19)

whereby Ak, denotes the distance between both systems
based on the virtual lattice grid. Table 1 holds the achiev-
able SIR in dependence on the applied amount of virtual
guard carriers Ak as well as the utilized PFFs for ¢ = 1 and
Avy max = 0.5. The results indicate that for the investigated
PFFs, an in-band guard band of one to two virtual guard car-
riers is suitable to attain a minimum interference isolation of
more than 20 dB.The results for the coexistence of systems
with different subcarrier spacings are summarized in Table
2. These results show that the relation between the required
amount of virtual guard carriers is approximately linearly de-
pendent on the applied ¢, rendering possible a simple guard
band dimensioning design rule.

5. CONCLUSION

In this contribution we quantitatively assessed the influence of
channel adaptive modulation on the coexistence performance
in the context of multi-user or multi-service scenarios. The
simulation results prove that the required amount of guard
bands for OQAM-OFDM systems is quasi-independent on
the time offset between different users. As a rule of thumb
we can state, that for a minimum interference isolation of
20 dB a bandwidth of one to two subcarrier spacings of the
user with the largest subcarrier spacing has to be reserved for
in-band guard bands. These results prove OQAM-OFDM to
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Ak=¢
| EGF 1 [ EGF2 | EGF 3 | Phydyas
e=2] 46 39 32 4.6
e=4] 46 2.8 17 45
=8 48 2.1 0.8 45
Ak = 2¢
e=21 455 ] 263 | 189 [ 552
e=4] 484 | 29.1 | 208 | 588
e=81] 476 | 284 | 200 [ 604
Ak =4e
e=2] 528 | 587 [ 420 [ 840
e=4] 540 | 596 | 421 84.7
e=81 549 | 582 | 407 84.0

Table 2. Maximum ST R [dB] achievable for a certain amount
of virtual guard carriers Ak taking a maximum carrier fre-
quency offset Avy max = 0.5 into account.

be a potential candidate for application in asynchronous and
sub-band wise configured multi-service systems.
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