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Subband Filtered Multi-carrier Systems for
Multi-service Wireless Communications

Lei Zhang, Ayesha ljaz, Pei Xiao, Atta Quddus and Rahim Tafaz

Abstract—Flexibly supporting multiple services, each with
different communication requirements and frame structure, has
been identified as one of the most significant and promising
characteristics of next generation and beyond wireless comu-
nication systems. However, integrating multiple frame stuctures
with different subcarrier spacing in one radio carrier may
result in significant inter-service-band-interference (ISBI). In this
paper, a framework for multi-service (MS) systems is estalighed
based on subband filtered multi-carrier system. The subband
filtering implementations and both asynchronous and genetized
synchronous (GS) MS subband filtered multi-carrier (SFMC)

channel coherence time and coherence bandwidth. Therefore
there is a limit on subcarrier spacing and symbol duration
in order to avoid performance bottlenecks by channel degra-
dation. Hence, it is cumbersome to design a unified all-in-
one radio frame structure which meets these requirements fo
all types of services. In addition, separate radio designs f
separate services make the operation and management of the
system highly complex, expensive and spirally ineffici€e
viable solution is to divide the system bandwidth into saler

systems have been proposed. Based on the GS-MS-SFMC systenService bands with each used for a different type of servite [

the system model with ISBI is derived and a number of propertes
on ISBI are given. In addition, low-complexity ISBI canceldion
algorithms are proposed by precoding the information symbts
at the transmitter. For asynchronous MS-SFMC system in the
presence of transceiver imperfections including carrier fequency
offset, timing offset and phase noise, a complete analytica
system model is established in terms of desired signal, inte
symbol-interference, inter-carrier-interference, ISBI and noise.
Thereafter, new channel equalization algorithms are propsed
by considering the errors and imperfections. Numerical andysis
shows that the analytical results match the simulation resls,
and the proposed ISBI cancelation and equalization algorims
can significantly improve the system performance in compagon
with the existing algorithms.

Index Terms—multi-service multi-carrier system, inter-service-
band-interference, universal filtered multi-carrier, subband fil-
tered multi-carrier, transceiver imperfection, generalized syn-
chronization

I. INTRODUCTION

The next generation wireless communication (5G and

Such a multi-service (MS) system is shown in Fig. 1, where
a specifically optimized frame structure has been desigoed f
different types of services, with or without a certain guard
band (GB) between them to mitigate the interference.
However, combining multiple frame structures with differ-
ent subcarrier spacings in one frequency band will destroy
the orthogonality of a multi-carrier system, resulting imeir-
service-band-interference (ISBI). The interference llede-
pends on the subcarrier spacing difference and the GB batwee
the service bands. Moreover, the choice of waveform is also
a key factor to determine the interference level. Orthogona
frequency division multiplexing (OFDM) has been used in
several standardizations such as the 3rd Generation Psripe
Project (3GPP) Long Term Evolution (LTE) and Institute of
Electrical and Electronics Engineers (IEEE) 802.11. Ihdg
suitable for this MS frame structure due to its high out ofdban
(OoB) emission level. Several new waveforms are proposed
to reduce OoB emission level for next generation communi-
cations, such as subband filtered multi-carrier (SFMC) thase

b§ystems including universal filtered multi-carrier (UFM[G],

yond) is required to support a greater density of users,elighg) (7], [8], [9] and filtered OFDM (-OFDM) [10], [4],
data throughput, ultra-high reliability and ultra-low éaty fiter pank multi-carrier (FBMC) [11], [12] and generalized

communications to meet the vision qf “everything G_’Very@?"frequency division multiplexing (GFDM) [13], [14]. Among
and always connected” with “provision of perception of infithese, SFMC based system has drawn significant attention
nite capacity” [1], [2]. However, these multi-fold requments  from academia and industry in the last few years. It inherits
are generally driven by different type of services and usesa the advantages of OFDM system such as low complexity and
resulting in different optimal radio frame structure destgite-  offective one-tap channel equalization [15], [16]. In dida,

ria. For example, the service for machine type communioatioy; 51so achieves comparable OoB emission as FBMC systems
(MTC) might .require smaller subcgrrier spacing (thus Iarg%], 6], [7], [17]. Note that a fast-convolution implemeation
symbol duration) to support massive delay-tolerant devicgf myitirate filter bank based waveform has been implemented
[2], [3]. Vehicle to vehicle (V2V) communications, on thezng analyzed by transforming the filtering operation inte th
other hand, have more stringent latency requirements, thilsst Fourier transform (FFT) domain [18], [19], with filtete
symbol duration might be significantly reduced. The subearr cyclic prefix (CP) OFDM as a special case [20].

spacing and symbol duration of high data rate transmissionThere are several methods to mitigate or eliminate the
are, however, constrained by doubly-dispersive chanreel, i|sp) by using either radio frequency (RF) or baseband signal
processing. Adopting RF filter and hardware components to
isolate service bands can eliminate the interference. Merve

it comes at the expense of not only compromised accuracy and
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(mainly UFMC) system was focused on tlsengle service
case in the literature. In the presence of CFO, [17] analyzed
the performance of single service UFMC systems and a filter
was optimized to minimize the out of band leakage (OBL)
in [21] by considering both CFO and TO for single-path flat
fading channel. In [22], the authors proposed a comprethensi
system model and performance analysis $imgle service

in a multi-user UFMC system by considering transceiver
imperfections and based on this model, filter length and ZP

Frequency (subcarrier/subband)

Fig. 1. An example of multi-service multi-carrier system.

length optimizations were formulated.
The contributions and novelties of this paper are summa-

rized as follows:

increased system complexity but also reduction in spectrum
efficiency. From the baseband processing perspectiveg usin
new waveforms and/or GB between service bands is an
effective way to mitigate ISBI [4]. However, it also results
in spectrum efficiency reduction. In this paper, we propose
low-complexity baseband signal processing algorithmsrée p
cancel the ISBI by precoding the information symbols before
transmission. This solution can effectively avoid the tvead
problem of the two aforementioned methods.

Note that it has been shown \gamulationsin [4] that using
a couple of subcarriers as GB between two service bands
are sufficient for low and moderate modulation and coding
schemes (MCS), based on the f-OFDM waveform, which is
one of the SFMC based implementations with partly over-
lapping subband filtered OFDM symbols [10], [4]. However,
to the best of the authors’ knowledge, the generic system
model and analytical results on ISBI for MS-SFMC systems
are still open issues. In addition, it is not yet clear how the
difference between subcarrier spacing and GB betweencgervi
bands would affect the interference level. Based on ouveedri
generic system model, all of the aforementioned questidths w
be properly answered in this paper.

The frequency resource structure in an MS system is more
complex than the originasingle servicesystem due to the
introduction of the service band. The problem as to how the*®
subband filtering is performed has not yet been systemigtical
discussed in the literature. Differences in symbol duretio
(of different services) make the synchronization of the l&ho
system unattractive. A new concept called generalized syn-
chronized (GS) system will be proposed in this paper to
address this problem and facilitate system implementatiwh
analysis.

To provide useful frame structure design guidelines fortnex
generation communication in practical environments, itds-
essary to investigate the impacts of transceiver impedest

We first build a framework for MS-SFMC system and
categorize the possible subband filtering implementations
and synchronized systems in frequency and time domains,
respectively. Specifically, the physical resource block
(PRB), user and service based subband filtering methods
are defined in frequency domain. In the time domain, we
define both non-synchronized and generalized synchro-
nized MS systems. In the latter case, services have an
integral least common multiplier (LCM) symbol, forming
the basis of system modeling, performance analysis and
ISBI cancelation algorithms of GS-MS system.

Based on the GS system and one of the SFMC imple-
mentations, i.e, UFMC, and in the absence of transceiver
imperfections and sufficient guard interval between sym-
bols, we first establish a system model for MS-UFMC
systems with arbitrary values of subcarrier spacing and
GB. Then propositions are made on ISBI to explain why
SFMC system is more robust to the ISBI than the OFDM
system. These analytical results provide useful guidance
for MS system radio frame structure design. In addition,
we propose low complexity ISBI cancelation algorithms
using the criteria of zero-forcing (ZF) and minimum
mean square error (MMSE), respectively. The algorithms
are flexible to support arbitrary bandwidth interference
cancelation.

In the presence of transceiver imperfections for asyn-
chronous MS system, we derive an analytical expres-
sion for MS-UFMC system in terms of desired signal,
inter-carrier interference (ICl), inter-symbol interégice
(ISI), ISBI and noise by considering CFO, TO, PN and
insufficient ZP length between symbols. Based on the
analytical framework, we propose channel equalization
algorithms that can provide significant gain in terms of
BER performance in comparison to OFDM and the state-
of-the-art (SoTA) UFMC systems.

Notations Vectors and matrices are denoted by lowercase

including carrier frequency offset (CFO), timing offset@Y and uppercase bold letters, add?,{-}7,{-}* stand for
and phase noise (PN) on the performance. To do this, W& Hermitian conjugate, transpose and conjugate oparatio
establish a comprehensive analytical framework and systesspectively. We use trafA} and diagA} to denote the
model by taking all of the aforementioned imperfection®inttrace of matrix A and taking the diagonal matrix oA
consideration in multipath fading environments. This i ono reframe a diagonal matrix, respectively,; and 0,,x,

of the aims of this paper and this comprehensive analytiogffer to A/ x M identity matrix andm x n zero matrix,
framework is also essential for ISBI pre-cancelation an@spectively. Operator denotes linear convolution of two

channel equalization algorithms proposed in this paper.

vectors£{a}, [a] and|a] denote the expectation, ceiling and

The performance analysis and algorithm design for SFMi®or operations om, respectively. BlkdiagA, V) refers to a



block diagonal matrix generated By repetitions ofA, while middle, user-based subband filtering as shown in Fig. 2 (b-2)
Blkdiag(Ai, Ao, --- ,Ay) denotes a block diagonal matrixis a compromised solution between PRB-based and service-
generated with the diagonal matricAs, Ao, --- ,Ax.Z and based methods. It enjoys the degree of freedom to adjust
7T refer to the set for non-negative and positive integerthe filter design for specific user, meanwhile, the compjexit

respectively. mo(h, b) denotes the modulo operatiofA)!? is reduced comparing to the PRB-based implementation. For
denotes down sampling matriX by taking its odd rows to more generalized derivation, in this paper, we consider the

form a new matrix. PRB-based implementation.
Il. MS-SFMC SYSTEMS B. Time domain
A. Frequency domain The symbol durations among services are different due to

Let us consider an MS communication system with systefj€ different subcarrier spacings, which makes the (spectr
bandwidth B offering total & different services. Thek-th efficient) synchronization of the whole bandwidth unattirec
service bandwidth ig3, and the GB between theth and the and practically impossible. For example, in OFDM without
(k + 1)-th service isAB,. In addition, we assuma B, and considering the guard interval, two services with subearri
ABy, at edges of the frequency band, are GBs (or unoccupfRfCiNgA fi = 2Af> implies that the symbol duration has

bands) between the considered MS-SFMC system and otHi relationship oAT; = 2AT;. Consequently, the symbols
t service 1 can not synchronize with symbols in service 2.

systems. The bandwidth allocation is shown in Fig. 2 (6\2‘i
Without loss of generality, we assume the system bandwidthiOWever, we can take advantage of the fact that every 2

is normalized to unity, i.e.B = S5 AB. 4+ B, =1. symbols in service 1 has the same duration as in service 2,
Y. 2mg BB+ D 4y Br and we call it a GS system, which is defined as

[Definition 1: For the k-th service symbol duration being

if there is an integral least common multiplier (LCM)

For a system containing multiple types of services, it
natural to assume that each service supports one or moi use
where each user can be granted arbitrary number of cons@gk'_ 8 -
utive or non-consecutive physical resource blocks (PRBsflurationTrca for all services, satisfying

Unlike single service multi-carrier system (e.g., LTE/LTE 1) = N, ATy = Ny o ATy = - -+ = Ny x ATk,
A) having a 3-tier frequency resource structure from systevmvith Nopmp € Z5 fOr k=1,2,- K | (1)

bandwidth, PRB and subcarrier, the MS-SFMC system has a
4-tier frequency resource structure: system bandwidthje® we call theK services are generally synchronized in one LCM
bandwidth, PRB to subcarrier. This not only complicatesymbol durationZ;,c ;.
scheduling schemes on the MAC layer, but also affects theOne LCM symbol for a GS system is a closed space that
PHY layer algorithm design and subband filtering implemeftoes not affect and also is not affected by other symbols out
tations. On which level does the filtering subbahdased of the considered LCM symbol. Fig 3 (a) is an example of
will affect the SFMC system performance and implementatiaqRe GS-MS system, where the services 1, 2 and 3 are GS with
complexity. Fig. 2 (b-1), (b-2) and (b-3) shows subbandebtasy,,,, ; = 1, Nym2 = 2 and Ny, 3 = 3. The advantage
on PRBs, user and service, respectivély of the GS system is that it simplifies system and algorithms
There are pros and cons for different types of subbag@sign and performance analysis since only limited symbols
filtering schemes. PRB is the minimum scheduling granylariheed to be considered in a processing window and every LCM
and the subband filtering based on one or more PRBs (Figmbol has the same overall performance.
2 (b-1)) can gain the greatest design flexibility. In additio However, in a GS-SFMC system, the symbol duration plus
relatively small subband bandwidth can effectively mitega overhead (such as filter tails and guard interval, etc.) lshou
the channel dispersions and transceiver imperfectionsced  satisfy equation (1), which might reduce the degree of oeed
performance loss. On the other hand, this implementat&m afor system design. In addition, when LCM is large for the
incurs the largest computational complexity among three pfS system, taking one LCM symbol for joint processing
them due to the dense subband filtering operation. On th@ds to high processing complexity. In such cases, it is not
contrary, service based subband filtering method (Fig. 2)Jb- necessary to keep a system generalized synchronized, and a
has the lowest computational complexity and the users (an@n-synchronized MS system is given in Fig. 3 (b).
PRBs) in one service share the same filter design parametersie will first focus on GS-MS system in Section Il and
However, different users in one service may suffer fromhen relax the constraints to a non-synchronized one iri@ect
different channel qualities, receiver sensitivities,. etdich |V, In addition, the next derivations will be based on UFMC
can not be optimized by filter design independently. In thg/stem [5], [6], [7], [17], which is one of the most widely

used SFMC implementations in literature.
INote that here PRB is not necessarily the same as defined i TEEA
with 12 subcarriers. We reuse the terminology as minimunedeling unit

comprising of a number of consecutive subcarriers. . GS-MS-UFMC SYSTEM MODEL, ISBI ANALYSIS AND
2To avoid confusion, we use subband as a frequency band dilteyea CANCELATION ALGORITHMS

finite impulse response (FIR) filter, service bandwidth asftequency band

allocated to a type of service. A. UFMC subband filtering

3Note that the system bandwidth can be filtered as a whole. awthis .
filtering method can not provide any flexibility, therefoiig,not included in Let us useM). as the number of subcarriers for theth

the discussion in this paper. service in an MS-UFMC system. Let us assume thatkitle
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Fig. 2. (a): Service bands and guard bands allocation; (med types of subband filtering methods. (note that the nuwbeser, subband and service are
for demonstration purpose only in this figure).

1LCM symbol = AT} = 2AT, = 3AT;

the information symbol vector transmitted in theth service
Taf | inone LCM symbolay ; = [ak,v,15 k0,25 5 k0, Nyyr] €

v

Service 1 |_ AT,

CNsvm.kZkx1 s @ vector of symbols transmitted on theth
Service 2 | A2 J 18f2 subband in thé:-th service in one LCM symbol ana, , ; =
[ak,v7l(0),ak,v7l(1)7 e ,a;w,l(Zk — 1)]T € C%>*1 denotes
service 3 |, fify the information symbols transmitted in tfv¢h symbol of the
™ LCM symbol and at the-th subband of thé-th service. We
(a) Generalized synchronized system assume that information symbols have zero mean and variance
Service 1 | AT, | ?Af1 | | | | | szm: i'e" g{a’kﬂhl(i)} =0 .andg{|ak7val(i)|2} = pgym
— Let us assume that the filter for theth subband of thé-th
Service 2 LATz.‘ jAfz ‘ ‘ ‘ ‘ ‘ ‘ ‘ service isf; » = [fr.0(0), few(1), -, few(Lrr —1)], where
L is the filter length for thek-th service. We assume that
services ATz | s the filter length for all subbands in one service bandwidth

is the same to simplify the system model and derivations.
Without loss of generality, we assume that the powef,of

Fig. 3. Generalized synchronized and non-synchronized {&ms. is normalized to unity i_eZiL:Fd’rl |fk,u(i)|2 =1.

Note that each subband processing in multi-service UFMC

system is exactly the same as the single service one [5], [6],

service containd, subbands. In total, the system hiis= [7], [17], but with different system parameters among S
5°X | Vi subbands. In order to simplify the system model anihere the discrete Fourier transform (DFT) size for ihh
derivations, we assume that the number of subcarriers in e8€rVice isNy = M/ By € 7 with By, being the bandwidth
subband in thé:-th service isZy, thus we havell, = V;,7,. for the k-th service. Let us assumky, > Ny + Lpy — 1 is

For a GS-MS-UFMC model which satisfies equation (1j"¢ UFMC symbol length (in samples) of theth subband of
the service with shorter symbol duration may overlap witi€ #-th service. We defined;., e C+*"+ as a Toeplitz
different parts of the longer symbol (e.g., Fig. 3 (b)). Tehatrix with its first column and first row being,, =

evaluate the complete system performance for all symbolffv: O1x(Ly—Lrs)]” @0 [fi0(0), 015 (n,—1)], respectively.

it is necessary to consider the performance over at le&&llowing the same processing as single service UFMC [3],
one LCM symbol duration, which can transmN;,;, = [22], we can write the inverse DFT (IDFT) transformed and

subband filtered signal at thieth symbol andv-th subband of
the k-th service as:

(b) Non-synchronized system

Zfil Noym M), information symbols. Writing it in vector

form:
1
a= [31,1;31,2; oA ysaz;ag ey A vyttt Ak,v,i = —Pk fr.0 * (Dk,vak,v,i) = o A oDy vags, (3)
sV ,U
=aj ag
N XZy i H H
AK1;aK2; AR Vi s (2) yvhereD;m € CHNex2r Is asubmatrlx_of théV.-point no_rmal-
ized andfrequency shiftedDFT matrix. The element iri-th
a i .
K row andn-th column ofDy, , is d; ,, = —A~— 27 (nFme.0) Nk

N
wherea, = [ay1;ak2; - ;axy,] € CNewnsMix1 denotes wheren,, is the frequency shift for tﬁ;-kth subband in the



k-th service and given as: Wi @s the[(i — 1)Ly, + 1]-th to ¢Lj-th element ofy,,, Gy
1 b1 and w,,, respectively. Then théth received UFMC symbol

New = Nk(z B,, + Z ABp)+ (Vi = D) Zjm . (4) of the m-th user allocated to the-th subband of the:-th
’ ’ service can be written as:

k— _
m=1 m=0

K Vi

K V;
B 1 T Al . . g
= ./ =tracgD;’ A’ Aj,D is the transmission _ _ _
Phyv \/Z’C . E{ k,v™ kv k. k,'u) . . Ym,i:quk,v,i+BmZ qu,l,i+Bm Z an,l,i+
power normalization factor. Due to the filter tail and zero

i | k=1l=1,l#v n=1,n#kl=1
padding,qx.,,; € CEx>x1 is L, — N, samples longer than KV,
the IDFT operated signdDy, ,ax . ;, Which is the overhead AB,, Z an Vi1 Y i 1S T W i 9)
of the service in time domain. neTmtkior h ’

Note that equation (3) is a unified expression for two
scenarios. When the symbol duratidp = Ny, + Lpi — 1, where B,, € CExxLr is the equivalent Toeplitz
it implies that the total overhead is generated by the filtehannel convolution matrix ofh,,, with first column
tails and no guard interval is inserted between symbols. Qm,.,0(z, 1., ,.)x1]7 and first row [hn,(0),0(1,—1)x1]-
the other hand, wher., > N, + Lp; — 1, we define AB,, is an upper-triangle matrix with thé-th row and
Lzpy = Ly — (Ng + Ly —1) as the guard interval betweenl + (L., — Lcu,m) + m-th column beingh,, (I 4+ m) for
symbols to combat the multipath channel. Specifically, wem = 1,2---, Lcu,m — 1, while other elements are zeros.
pad Lzpy zeros at the end of the subband filtered signalhe first term in equation (9) is the desired signal and the las
According to [22], when ZP length is larger than or equal tterm represents the noise. The second term is the ICI that is
the channel length minus one, it is an ISI free system in odefined as the interference generated from other subcaimier

service band. the sameUFMC symbol of thek-th service. The-th term in
equation (9) is the ISI defined as the interference generated
B. GS-MS-UFMC system model from thelast symbol of thek-th service, while the third and

) . . 4-th terms represent ISBI that is the interference frother
_ Different from the single service UFMC, we have to CONzarvices to thek-th service. WhenLzpy > Lomm — 1,
sider a whole LCM symbol to model a complete GS—MS—m_’MSI — 0 [22]. In this section, we assume that ZP length

UFMC system model. For the GS system which satisfies (1, g ficient andy,, ;751 — 0 in order to focus on the

the following equation also holds true: ISBI performance analysis. The generalized case withrarfyit
(5) length ZP will be derived in the next section.

o _ ) _. According to the UFMC receiver processing [S¥um,:
(5) is different from (1) since it expresses the GS condgiong zero-padded to yield,,; = [ym.iO@n, 1,)x1)- Then
using number of samples instead of using symbol duratiQWk—point DFT is performed and signal is down-sampled

in seconds.L o refers to the total number of samples ihy 5 factor of 2. Then taking the first, rows, we have
one LCM symbol. Then the total LCM samples in theh . = _ (DX §,..)'2. As proved in Appendix Ac,,; can

LLCM = Nsym,lLl == Nsym,KLK .

subband of thé-th service can be expressed as: be expressed as
1
= ; R = Gy .a 6 1 -
kv [qk’UJ Ak,v,2 qk7U’N5ym'k] Pk,v kv eh,v ( ) Cm,i = O Hm,ka,vak,v,i + YIsBI,m,i + Wm,i (10)
,U
where

where w,,, ; is the DFT operated noise vector withth
Gy, v=Blkdiag(A s, Di,v, Noym i) € CLrem*NevmaZi(7) element S Fr 1 ems2n(bbme)n /Ny, (n). H,,, and Fy,,

By considering all subbands and all services in the systegle channel and filtefrequency responseswhich are Z;

the signal before transmission over the channel can beewritf 1 c"S10N dlagonalLTStng?s with ‘“?2 d|z;\gonalj\e[.\lement
as: e|ng Hmv(l) = n:()’m h’m,v(n)e g2mn(l4+nk,») /N and
K Vi Fro(l) = SEretfy (n)emi2mnltne)/Ne | respectively.

P = ZZ% » € Clromx1 (8) YISBIm.i is ISBI contributed by the third and fourth terms in

== (9) and can be written as:

Let us assume the channel between the transmitter and the Ko Yoy L
meth user ishy, = [Am(0), A (1), s hoo(Lesm — 1), Yisprmi= Y Y —(Hy D Guiian,
where Lc g, is the length of the channel in samples. Using n=Tnzk 1=1 P!
equation (8), the received signal at theth user can be +DH AB,,G,1i1a0) , (11)
written asy,, = h,, * p + w,,, where the noise vector _ ' B B
Won = [ (0), wn (1), -+ s wn (Lroar — 1)) with w,, (1) ~  Dff, = (Df )12, and D, € C?*#*2Nx contains
CN(0,0?%). the first 27, rows of frequency shifted2/V, dimension
At the m-th receiver that belongs to theth serviceyy,, is DFT matrix D, and its I-th row and n-th column is
split into Ny, . Non-overlapping UFMC symbols each being 927 (42m.0)n/ N6 G, 1 i = [Gonyt,i5 02Ny — L) % Noyron Z0]
a lengthL;, (i.e., symbol duration of thé-th service) vector and G,,;; is a sub-matrix ofG,,; obtained by taking its
for receiver baseband processing. Let us defing, q,,;; and [(i — 1)Ly + 1]-th to iLj-th rows.



The first term of (10) is the desired signal onlythe waveform (i.e., filter response), which is not relatethi
and one-tap channel equalization can be performed sifdS system parameters (e.g., subcarrier spacing diffesdnce
H,, .Fi ., is a diagonal matrix. The ISBly;spr.m: de- The fourth term.Jy(l) is due to the the subcarrier spacing
fined in (11) comprises of two terms, the first onelifference between the two adjacent services, which is not
fo 1tk Zl 17 1 H, ka an 1.:a,,; has also been chan-coupled with the filter response. In a single-service system
nelized and theréfore can be used for low complexity ISBW,. = 1, resulting inJ;(I) =0 and P> ;sp;(l) = 0, in such
cancelation algonthm in the ne>§t subsection. However, tl@ecase, the system is orthogonal.
second one_— Zn 1n¢k2 DkHUAB Gy li—18n, IS Note that for the filter frequency response in subband 1,
negligible with ‘moderate channel delay spread since the el (1) = zf;g e—I2mn/N2 1 (n), its pass band is indexed
ements ofABy , consist of small component of the channeh < | < M; — 1 andl > M; — 1 is the stop band of the
response. Note that the indéx- 1 in G,,;,; 1 refers to the filter. However, F; (1) is a frequency shifted version of filter
interference from the last symbol and wheén= 1, G, responsé? ; (1) and whend < < M; — 1, F (1) is the filter

denotes the interference from the last LCM symbol. response from its stop band, resulting in ISBI mitigation to
subband 2.
C. ISBI analysis Fi(l) attenuates the ISBI from subband 1. How-

Equation (10) gives a complete signal model for a G®Ver, for the subcarriers at the edge of the subband
MS-UFMC system in the absence of transceiver errors add the first subcarrier has the filter responsg(0) =
sufficient guard interval between symbols. However, this eX_n-g e /2n(nMi/NitnABUMe) £ (n), e, it is fre-
pression does not show how do the differences in subcan%tency shiftedA B /M,. from its last subcarrier of the pass
spacing and GB between adjacent services affect the 19®Ind. With smallA B,, ISBI might be significant. Largé\ B,
level. In addition, due to the complex expression, it is aleb  Wwill push F (1) away from the pass band &% () which results
straightforward to see how the subband filtering attenuthies in better ISBI mitigation. This indicates that larger guaihd
ISBI from the adjacent service band and outperforms OFDMay be required for reliable transmissions.
system, which is identified as one of the most promising Note that Proposition 1 is for general case of UFMC system.
characteristics of this new waveform. Therefore, we focus ®y taking the filterf = 1 and F (1) :21 it is equivalent

ISBI analysis and the properties. to MS OFDM systemsP;’;‘é"gI(l) = Zam fy (D20 (0).

Note that non-adjacent service bands do not generate %%mparlng it with (12) for UFMC systlem the interference

nificant 1ISBI and affect the performance. Therefore, we ¢ UFMC system is attenuated by the filter respofiSg(l)[?
consider two types of services adjacent to each other in R/v ile OFDM system does not have this advantage

frequency band (e.g., subband 4 and 5 in Fig. 2 (b-1) ) a . .
Proposition 2: Consider the same GS-MS-UFMC system
each one is allocated 1 subband only to simplify the analySJS S Proposition 1, and the guard band B, — M,,A f, with

In addition, without loss of generality, we assumd3, = 0.
Then we have the following proposition 1: My € Z and Mg, > 0, we have

Proposition 1: Consider a GS-MS-UFMC system with
two services and subcarrier spacind fi = M,.Af, for  FPraspi(l)=0; for I =mod Mg, M) +mMs. (15)
M,. € Z* and the guard bandAB;. In addition, the ZP
length for both services satisfieszp; > Lego — 1 and i€, the [(mod My, Ms.) + mM,. + 1]-th subcarriers in
Lzpa > Loma — 1. Then the power of ISBI at theth subband 2 are not affected by ISBI for € Z*

subcarrier of service 2 can be written:as Proof: See Appendix B. ]
o2 . Proposition 2 implies that every/,. subcarriers from the
Py rspi(l) = =2 Hyy (D) P[P (D1 (1) (12)  [(mod My, M..) + 1)]-th subcarrier, are I1SBI free. This fact
P11 can be leveraged to design a symbol mapping scheme to
where maximize the performance of the system. For example, the
Lpi—1 reference signals can be scattered at those subcarriers to
Fi(ly= Y e 2rtmann/Na g () (13) increase the channel estimation accuracy. Again, Praposit
n=0 2 is a general case and also applicable to MS OFDM system,
is frequency shifted filter response of subband 1 in frequenke., P;%”él( ) =0, for I =mod Mg, Ms.) +mM,.
domain. Propositions 1 and 2 describe the ISBI from the subband
MyoZ1—1 Ni—1 o kmmany with larger subcarrier spacing to the smaller one. Now let us
A= > | > e TLET2 0 (14)  move in the opposite direction:
k=0 n=0 Proposition 3: Consider the same GS-MS-UFMC system

is the spectrum leakage factor from the subband 1 to subbandProposition 1 with the assumptioh; >> Lr. Then the
2 and it is constant in both UFMC and OFDM systems.  ISBI at thel-th subcarrier and thei-th symbol of service 1

Proof: See Appendix B. m can be written as
Equation (12) is written as a multiplication of four terms )
[ [ i i US m —
with the first and second being the transmitter power and-chan Prispi(l i) ~ 22 Hy L ()P B (D)2 1) (16)

nel gain, respectively. The third tert# (1)|? is attributed to : T p3,



where and a11; = [01,1.i(Z1 — Nean1),01.1.i(Z1 — Neana +

Lpa—1 1),-++,a1,1:(Z1 — 1)] comprises of the lastV.,, 1 Sym-
Fg(l): Z e—32mnl/N1 (17) bols.of ai 1 for ISBI cancelation. ObviouslyN .y 1 =
ne0 7, implies a special case that all of the subcarriers
is the frequency domain filter response. :ilre considered in the cancelation algorithm. Similarly,
A1, = [a2,1,i(0),a2,1,:(1), - ,a21,i(Nean2 — 1)] refers
ot L1 to the first N.,, 2 Symbols ofay;; for ISBI cancelation.
270 AT Meeln—(nt(i—1)L1) (k+n2,1) b. = w.+ b, and b, = []~3 as 1:B.oa ], where
To(l) = e j2m Mo Ny 2 18 D¢ We c Oc c,1a2,1; D¢ 2ay 1],
2() ];) | 2::0 | ( ) BCJ = ﬁBlkdlag(D{{lABl[Gz’lyl," . ,G2717Nsym’l])
s H ; N H 5 _
Proof: See Appendix C. - with D{’; being the lastNe,,,1 rows of Dy} and B.» =

1 H NH H i H
Similar to the Proposition 1Py ;sp5(1,7) is written as a WBlkd'agl(DZlAB?[lelal"~" 7G1,1,Nsy.nt,2]) with D3,
product of 4 terms including the filter respongé ()| and being the firstNVea, > rows of Df;. In addition,
the subcarrier spacing differences induced fadigt). Unlike
E— (

Proposition 1,P; rs5(i,1) in Proposition 3 is controlled by El’l E1’2> (21)
two parameters: index of subcarrier and symbol, the later on >t 2

is due to the symbol duration of service 2, whichlistimes With

longer compared to service 1. Consequently, different snb 1 L=

in service 1 overlap with different parts of symbol of seevic Ei1 = p—Blkd'ag(F“’ Nsym.1) (22)

)

2, resulting in different ISBI.
Again, we can see that the filter response in frequency 1 o=
domain (i.e.,|F»(1)|?) attenuates the ISBI from subband 2. E» = ——Blkdiag(F2,1, Nsym,2) (23)

P21
Larger AB; results in better ISBI mitigation. In addition, by
taking |F2(1)]? = 1, (16) will be degraded to the OFDM 1 L _ _
system. Ei o=——Blkdiag(D1,12n, " [G2,1,1, s G2,1,N,,..]) (24)

P2,1

D. Proposed ISBI cancelation algorithms

1 . _ _
. » _ E, ;=——2Blkdia 1Gri1, G - 25
According to Proposition 1, 2, 3, some subcarriers at the > P11 9021200 (G 11Ny a]) - (25)

edge of service bands may suffer from serious interferencen = . . .
X . . where F ; is the sub-matrix of filter responsB; ; gener-
leading to performance loss. In this subsection, we propose X ’

baseband processing algorithms at the transmitter to redit@i ated by taking the lasiVeqn, columns and rowsFs,, is
the ISBI. To simplify the derivations and expressions, wé withe sub-matrix ofFy,, taking its first Nean.» columns and
' ! rows. Gy 1; consists of the[(i — 1)Ly + 1]-th to theiL,-

consider an MS system with two services and each service = _ _ =
contains only one subband. However, it is trivial to extentgI rows of G11 = Blkdiag(A;1D1.1, Noym 1) With Dy,
tained by taking the las¥.., 1 columns ofD; ;. Similarly,

the algorithms to a general case. Note that we will relax so ‘ ists of[(i — 111 114h to the il -th f
assumptions in Proposition 1, 2 and 3, specifically, we ctasi = 2!+ COnsISts © [(6 = 1)Ly + 1)- o thewLq-h rows o
arbitrary M,. and M,,. G271.: Blkdiag(Az,1Ds 1, Nsym.2) With Doy comprising of
Even within the two adjacent subbands, the 1ISBI may on)€ ;'rStNW}’Z COIum]r\}fX?\';dDQ’la h
affect limited number of subcarriers. Therefore, to furthe 1Ne MatixkE € C and Ng = Na1 + Naz, Where
reduce the complexity and improve the flexibility of algbrit N]‘{,l N Nean,1 Noym.1 %nd J]y‘” = Nean2aNsym,o. E11 €
design, let us assume that the la$t,, 1 and first N.q, o CTar*7et andE,,, € CTe*%a are diagonal matrices, which

subcarriers of the first service and the second service dPPlies that the subcarriers belonging to different sesido

contaminated by severe ISBI (and also generate the high@gf cause interference to each other.

interference) and are considered in the cancelation ahgosi. With the constr_ucted mtgrfgrence matix we can des_lgn
It is natural to assume the two subbands belong to tvgopreco_dlng algorlthm to ehmmatg the lS.B.l forthe con r
different users. According to equation (11), we can combiﬁé’bCarrlers by solving the following optimization probtem

the received signal of user 1 and 2 together as follows: iy |H.EPa, + b, — a.||* s.t. tracéPP?) = N, (26)
P

cc = HcEa. + b, (19) whereP is the precoding matrix to cancel ISBI. Based on the
where H. = BIkdiag{I_{Lau, ﬁmu} and ﬁmu — most widely used linear processing algorithms designréaite
BIkdiag(I_L,l,Nsme) and 1‘{2,@” — BIkdiag(FIm,Nsym,g) ZF and MMSE, we have the following precoding algorithms:
with FIM being sub-matrix of channel matrHl,l_ obtained p.yE1 ZF
by takmg_the lastV.4y,1 columns and rows. Whil#l, ; isthe P = { pmmse(EFHAHLE + U,)'EFHY MMSE (27)
sub-matrix ofHy ; generated from the firsi.,, 2o columns
and rowsa, is the considered information symbols vector fowhere
ISBI cancelation and can be expressed as

Ng
_ _ _ _ Pzf = = =
ac=[A11,1, 811N, 82,11, 5821 Nuyms) (20) : \/trace{é'((E HHEE-)]

(28)



and IV. NON-SYNCHRONIZED SYSTEM AND CHANNEL
EQUALIZATION ALGORITHMS IN THE PRESENCE OF
TRANSCEIVER IMPERFECTIONS

Prmmse = Na (29) Inthe previous section, we focused on the ISBI performance
tracds (H.E(EFHIH E + 02) 2E/H)] analysis of the GS-MS-UFMC system with perfectly synchro-
nized transceiver and sufficient ZP. However, due to the-hard
ware impairments and imperfect synchronization mechagiism
are power normalization factors for ZF and MMSE basedl certain level of CFO, TO and PN will always be present in
algorithms, respectivelyU,. = pgymdiag(Uch) + %Iy, practical systems. Moreover, sufficient ZP length is notgisv
is the_summation of power of interference and noise amgiaranteed (and sometimes unnecessary) in order to reuice t
U = [B.1;B.2]. overhead of the system. Thirdly, designing a GS system may
ﬁ‘](,)t be practical in some scenarios. In this section, we will
first derive the system model by taking all aforementioned
imperfections into consideration. The system performaace

. The signal model and ISBI analysis proposed in Secti@fialyzed in terms of power of desired signal, ICI, ISI, ISBI
I11-B and 111-C are applicable to both uplink and downlink&nd noise. Finally, new one-tap equalization algorithmes ar
transmissions. However, the proposed ISBI cancelatifioPosed. Note that the following analysis and derivatires
algorithm in equation (27) is based on the downlin@Pplicable to both uplink a_nd QOwnllnktransm|SS|ons_, tiou
transmission. In such case, the transmitter has all thee channel and synchronization schemes can be different.
the required information to pre-cancel the ISBI. For the

uplink transmission, since the information transmitted by Non-synchronized MS-UFMC  signal model  with

_d|ffe_re_nt Services may belong to dlf_ferent USETS, precoﬂ'énsceiver imperfections and insufficient ZP
ing is impractical. However, the receiver obtains all of the

necessary information and the joint detection algorithms To generalize the derivation, let us considey,,, , UFMC
could be applied. symbols for thek-th service. We can rewrite th&Vy ., =
« MMSE-based precoding algorithm depends on instant&sym.x Nk-length signal after IDFT operation as:
neous channel information, which could be obtained by Zo-1
o N . ] j2m(l—& Ni)(utny )
the channel feedback or exploiting the channel reciprocity o) = Z Ghom (W)e e (30)
u=0

For the proposed ISBI analysis and cancelation algorith
we have the following remarks:

property of the time division duplex (TDD) system. The ’

noise variance could be estimated or fedback by the

receiver. The ZF-based precoding matrix depends ®herel = 0,1, -+ Ny oy — 1 andn; = [(I + 1)/Ny] and

the filter design (i.e.E) and other fixed system related: = [{/Nk], 1k, is defined in (4). The output of the subband

parameters, thus, can be calculated offline in advancefilter of the v-th subband in thé-th service can be expressed
o The ISBI cancelation algorithm at the transmitter ma§s

affect the system performance in terms of the peak-to- Nyan—1

average-ratio (PAPR) and the OoB emission. However, () = Z o) fow(d — 1+ 0aly) , (31)
only several subcarriers on the the edge subbands will —o

generate and be affected by ISBI significantly. In addition, _

the non-trivial elements of the precoding matix are Where ¢a = [d/Li] andd = 0,1,---, Lpan — 1 with
located close to the main diagonal. Consequently, onfys.aii = LiNsym . For asynchronous MS-UFMC system,
few subcarriers’ power is changed, resulting in negligib#€t us definet, = [ty 1,k 2, - . tx k] as the synchronization

performance loss in terms of PAPR and OoB emissiorfTOr betweerk-th service and other services in samples,

. Note that pre-compensating the signal power among tAt¢ans the first sample of theth service (i.e..qx,,(0)) is
subcarriers in one subband may improve the overalligned with thet;, s-th sample in the-th service. Apparently,
performance of a UFMC system in the single-servic&® havet,, = 0. For the k-th service, the signal at the
system, since it can evenly allocate the power amof@nsmitter can be written as:

the subcarriers. However, this concept does not conflict K V. Neau—1

with the proposed ISBI analysis and the cancelatigy),(d) = ZZ Z Ts,g(1) fs,gld — 1+ trs + aLs) , (32)
algorithms in multi-service system. In fact, power pre- s=lg=1 1=0

compensation can work under the proposed multi-service o o o )

system framework as a performance enhancer. Consideringr,,, as timing synchronization error in samples

« Since the optimization problem in (26) minimizes thef them-th user, the-th sympol of the received signal at user
overall estimation error and considers all symbols ifft Pelonging to thei-th service can be expressed as:

the cancelation bandwidth equally important, it actually Li—1 oo
performs the power pre-compensation roletlire ISBI Ym.i(T) = Z Z pr(d+ (i —1)Ly) -
cancelation bandwidth (e.g., the edge subbands of two ’ =0 = oo

services bandsip some degree, as an extra benefit. B (r —d — €L + ) + W i(r) (33)



wherer = 0,1,---, Ly — 1. Performing2 N, point DFT on and 3(s, g,n,u, e) can be expressed as:

ym.i(r) and down sampling by a factor of 2, we have Lot Lo Nowit—1

LrZ1 2 (g ot ep ) B(s,g,n,u,e) = Z Z Z hn(r —d —eLk + ) -
S T ke TR LG s Y5 10y Uy m k m
hoyo,m,i ()= Zymvi(r)e e P, (1)(34) d=0 r=0 1=0
r=0 jh(ligl}j\f;(wns‘g)fj2ﬂr(n+7\,i‘“+ék‘u)+j9n

wheren = 0,1,---, 7, — 1 ande,, is the CFO at the-th €
subband in the:-th service.f,, ,, is phase noise of thew-th fs g(d — 14 (i — 1)Ly + trs + pals) (39)
user following the Wiener random processing as [23]

Ommt1 =Omn + Gmn, for 0<n<Z;—1 (35)

and ¢y ~ N(0,0py,, = 477,Ts) with T, being the

sampling rate of the system ang, is the 3-dB one-side \neref (s,9,d,u) = Ns,au—lew (d—
bandwidth of the PN. Without loss of generality, we set (Z-m’i 71)7131; . = oals). We assume. that
Om0 = O ) , the channel vectorhk'_,i has the following property:
_Subsututlng (30), (32), (33) into (34), we have the Comle%{hm(ll)h;(lg)} — 5(li — 12)Rm(l1), where Ry (1))
signal model ofi-th symbol for them-th user that belongs 10 s the autocorrelation function of the chanis}, at thel;-th
the v-th subband of thé-th service as: path and,-th path.d(l) is the Kronecker delta function with

To simplify the expression df3(s, g, n, u, €)|?, let us define

Tm7i(87 9, dlv d27 ’U,) - Tm,i(sa 9, dlv U)T’:l,l(s7 g, an U) 3 (40)

Lu—1Lu—1 Neou=l K Vi Zogl oo (1) =1for 1 =0 andd(l) =0 for I # 0.
Tho,m,i (1) = Z Z Z ZZ Z Z s, (1) Using (35), (40) and the channel property, we have
r=0 d=0 =0 s=1g=1 u=0 e=—o0
B (r — d — €L, + 7o) fs.g(d — 1+ (i — 1)Ly, + tgs + @als) - fel & fel
§2m(l= Na) (utns,g) _ S2Tr(ntne o ter) | g - E|ﬁ(s,g,n,u,e)|2 - Z Z Tini(s, 9, dv, d2, u) Z
e Ne Nk T Wy i(n) (36) d1=0 d>=0 r=d;—d>
. . . . j2m(ra =) (g )

Equation (36) is a complete signal model taking the CFoew R(r—d—eLy+ Tm)e—%(f?wldl—dzl
TO, PN and insufficient ZP into consideration for non- , ;, Li—1—(da—dy)
synchronized MS-UFMC systems in multipath environments., T (s.a.div.d

. . m,i\S,d,d1, 02, U
Trwmi(n) (forn=0,1,---,Z;, — 1) is a lengthZ;, series, dgo d;dl ( ) T:;@
corresponding toZ;, symbols transmitted to then-th user i2m(rg =) (ntnp ) L2
in the v-th subband ofk-th service in thei-th symbol. € N R(r—d—eLg +1p)e 27rnIh=dl (47)

Conventional one tap equalization algorithms such as ZF or,
MMSE can be performed. In the next subsection, we will splg
(36) into five components, i.e., desired signal, ICI, ISIBIS __.
. . . as;
and noise and express their powers for SINR calculation an
propose channel equalization algorithms. SINR(n) = Pp(n) 42
Prci(n) + Prsi(n) + Prspr(n) + "N—ik

In the presence of interference for non-synchronized MS-
FMC system, the SINR of the-th subcarrier can be written

B. Power of desired signal, ICI, ISI, ISBI and noise

The modulated symbolsi 41,1 (ul) and agg 2 n2(u2)

are uncorrelated ifk1,v1,nl,ul] # [k2,v2,n2,u2] and also q he derived sianal del in th ¢
USINGE|ag1 v1.m1 (ul)[2 = p2,,,., We can express the power of Based on the derived signal model in the presence o

the signal received at the-th subcarrier that belongs to thelransceiver imperfections and insufficient ZP length fonno

v-th subband of thé-th service in terms of desired Signalisynchronized MS-UFMC system, the channel equalization
ISI. ICI. ISBI and noise as follows: algorithms can be updated accordingly. In this paper, twetmo

widely used linear equalizers: ZF and MMSE are considered.
The equalizer for thei-th subcarrier can be expressed as

C. Channel Equalization

Py(n) = PD(n>+chz(n>+P1s1<n>+PISBI(n>+L—’;cf? (37)

N, k 0)4
W, = ﬁ( y Uy T, 10, ) : (43)
where |6(k7 v,n,n, O)|2 + VOeff (n)z/pgym
Pp(n) = p3,,ElB(k,v,n,n,0)% wherevr = 0 andv = 1 correspond to ZF and MMSE
Vi Zrg—1 equalizer, respectivelyo.¢¢(n)> = Prsi(n) + Prcr(n) +
Prcr(n) :pgymz Z E|B(k, g, n,u,0)? Prspi(n) + ££0 is the effective interference-plus-noise
g=1 u=0 power for then-th subcarrier of thev-th subband in thé:-
g#v Of u#n, th service taking ISI, ICI and ISBI into consideration. Note
Vi Zi,g—1 oo that the channel, noise variance, the value of CFO, TO and
Prsr(n) = ngm Z Z Z E|B(k, g, n,u,e)|*, PN for. equalizer calcglation_ are assumed to be known or can
g=1 u=0 e=—o0,e#£0 be estimated by receiver prior to demodulation.

o V. Zag—1 The proposed one-tap channel equalization algorithm

K
PISBI(”):pzymZ Z Z ZElﬁ(s,g,n,u,e)|2(38) employs the desired signal structural property (i.e.,
s=1,57k e=—00, g=1 u=0 B(k,v,n,n,0)), and the second order statistics of the
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interference-plus-noise. Note that more sophisticated3&M the second subband periodically becomes zero wiiep Z™
based equalization algorithm can be applied to improyeote index 21 is the first subcarrier of subband 2), whiclver
the performance by employing the interference structuri@s Proposition 2. In addition, wheWy,. increases, number of
property. However, this will make the algorithm muctsubcarriers in subband 2 with non-zero ISBI increases which
more complicated and additionally, the availability of théeads to average performance loss. On the other hand, when
interference signal structural property might not be amé. M, is non-integral (e.gM,. = 2.5), as shown in Fig. 4, ISBI
On the other hand, the ZF-based equalizer (ie= 0) in at all of the subcarriers is non-zero. Moreover, the ISBLegal
(43) does not use the interference-plus-noise information at any given subcarrier is at relatively higher level. Tiere,

The ISBI cancelation algorithm proposed in Section Iifo reduce ISBI M. is preferred to be an integer number. On
is for the GS system. While the equalizer and the analydfse other hand, we can see the interference at subband 1 has
proposed in (43) are for a non-synchronized system, whitthe opposite trend. With\/,. increasing, the ISBI values in
is more general. However, in this case, the ISBI cancelatisnbband 1 reduce, although the change is not as significant as
algorithm might be not (practically) applicable since thé subband 2.

symbol overlapping in a such system is irregular. To examine the impact of GB on the performance in terms
of ISBI, we fix M,. = 2 and varyAB; such thatAB; =
V. NUMERICAL RESULTS 0, Afo, 1.2Af2,2A f2,4A f2,8A fo, i.e., My, = AB1 /A f2 =

In this section, we use Monte-Carlo simulations to verify thO’ 1B7I1'27I 2,4,8, respec_tw;ly, ”as_ Sho‘g’g |ndF£g]; 5'. At\gam, Z€ero
accuracy of derived GS-MS-UFMC system signal models alﬁj_ r‘}’? ues (l)_ccur Pﬁ”g ically In SUZ :gd' . or”m eﬁMbb’
Propositions proposed in (12), (15) and (16). In addititwe, ¢ Which Is in line wit roposmqn o itionally, t € non-
ISBI cancelation algorithms proposed in (27) will be exaeain zero .ISBI value at any subcarrier index reduces signifigantl
in the first set of simulations with perfect transceiverstia W'th increased guard band_. Whed,, = 1.2, non-zero ISBI
presence of transceiver imperfections for the non-syndged 'S observed at all subcarriers, and the maximum values (or

MS-UFMC system, the system model and derived desir@&ak values) of I_SBI are significantly_ reduced compared with
signal, ICI, ISI and ISBI in equation (38) will be verified inmtegral Mgy. This provides us a hint for frame structure

the second set of simulations. Finally, we will investigtte design for multi-service systems: one can select non-ateg

proposed channel equalization algorithms in (43) and Cnmbisubcartr)i(;r S(?a]_CiTgB?S GIB to rr]edulce tZe peal:] ISBrI] vgllaes.

with the proposed ISBI cancelation algorithms in (27) 60" su and 1, values sharply reduce when the index

compare with OFDM and SoTA UFMC systems in terms Oqf subcarrier reduces from index 20 (i.e., last subcarrfer o
subband 1).

BER.

The signal is modulated using 64-QAM with power nor- In order to show the worst case of ISBI, we assume the
malized to unity and the input SNR is controlled by the nojgginimum output SINR (W'th noise power .;50 dB in
variance. We adopt FIR Chebyshev filter [5] wiih dB side order tc_> make the system mterference_ limited) among the
lobe attenuation. For fair comparison, we assume the gu rLbbEa;rr:GLSFEE bOtg Zulfgands ?y varying P?B. T_heFreSUGIts
interval for OFDM system is the same as the total overhe % 0 an Syslems are shown in g. o

for UFMC system for all simulations. We also provide thd/nere itis obseryed that when GB increases, minimum SINR
increases accordingly. For UFMC system, the worst SINR case

results for OFDM systems as benchmark for comparison. in subband 2 shows linear relationship with GB. In subband 1,
) where the minimum SINR tends to attain a steady value, for
A. ISBI in GS-MS-UFMC systems large GB for all M,. and both OFDM and UFMC systems.

In order to examine the ISBI in MS systems, we firskig. 6 also shows that with subband filtering, the UFMC
consider AWGN channel without CP/ZP inserting in botlsystem can outperform OFDM system in terms of the worst
OFDM and UFMC systems. However, these assumptions wihse SINR in all cases.
be void in the next set of simulations in order to demonstrateTo demonstrate the effectiveness of the proposed ISBI
the system performance in practical scenarios. We only gigancelation algorithm in (27), the MSE of the symbol esti-
analytical results first. The analytical results will be geared mation versus subcarrier index is shown in Fig. 7 for differe
with the simulation results later for more general case.eNobandwidths for ISBI cancelationY.q, = Nean,1 = Nean,2 =
that ISBI is only generated and affected by adjacent suldbanid8, 20 subcarrier. Note thatV.,, = 20 means that all
belonging to two different services. We consider two type @&ubcarriers in the subbands are considered. Since the ZF and
services and each has one subband only, and both subbaiMSE algorithms show similar trend, we only give more
contain20 subcarriers. The filter lengthr cqua = [5,10] for  practical and simpler ZF-based results. As shown in Fig. 7,
two subbands, respectively, in MS-UFMC systems. when N.,,, = 4, ISBI values at the subcarrier indices 17,

Let us first investigate the impact of different sub48, 19, 20 for the first subband, and 21, 22, 23, 24 for the
carrier spacing between two subbands on the level sécond, drop compared to the original algorithm withoutlISB
ISBI. We set By = 0.2 and vary B, in the range of cancelation algorithm and this reduction is more significan
0.2,0.1,0.08,0.05,0.025,0.0125. Then the two subband sub-when N.,,, = 8. When all of the subcarriers are taken into
carrier spacings have the following relationshipe,. = consideration for interference cancelation, we can segethiea
Afi1/Afs =1,2,2.5,4,8, respectively. The guard band is seMSE at all subcarriers can reach noise power level, whereas
asAB; = Af; and ABy = 0.2. Fig. 4 shows that ISBI in some subcarriers have even lower MSE values than the noise
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Fig. 4. _ISBI versus subcarrier index for different subearrispacing Fig. 6. Minimum output SINR (worst case) versus guard bang; for
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with and without and proposed ISBI cancelation algorithm&B-MS-UFMC
systems QA f1/Af2 =2, AB1 = Af).

power since the power allocated to subcarriers is uneven in
UFMC systems.
services. We consider the channels for the two users are LTE
EVA and ETU channels, respectively.

Analytical results for desired signaPp(n) derived

Here, we examine the effects of different system paramet@guation (38) are compared with simulation results and show
on the system performance in more practical scenarios a@ndFig. 8. It can be seen that all of the analytical results
compare our analytical results with the simulation resirits match the simulation results which shows the effectiveness
terms of the power of the desired signal, ICI, ISI and ISBI iand accuracy of the derived signal models. The UFMC system
a non-synchronized system. We consider moderate ISBI wihows frequency selectivity over each subband, while the
B, =0.2, B, =0.1 andAB; = 4Af,. The generalized syn- OFDM system shows equal response at all subcarriers.
chronization error is set as 5 = [0,0.3] andty ; = [0.6,0]. The analytical results for ICI, ISI and ISBI power in
The receivers of the two users are assumed to have differegtiation (38) are compared with simulation results for both
values of CFO, withe = [e1, €2] = [0.01,0.005], and the TO UFMC and OFDM systems in Fig. 9. Again, the analytical
values are set as = [, 2] = [0.02,0.02]. We use Wiener results match simulated results in all cases. As shown in Fig
random processing to model PN [23] with sampling duratio®, the maximum ISBI power is in the two adjacent subcarriers
= 3.2 ns, and 3 dB bandwidth PN, = v, = 50 Hz, which of the two subbands (i.e., subcarrier indices 20 and 21). The
correspond to PN varianeg, y ; = oy, = 0.0002 for both  ICI and ISI, however, show lower interference level in this

B. Generalized signal model verification
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Subcarrier Index: n SNR (dB)

Fig. 8. Power of desired signal in difference subcarriersytm-synchronized Fig. 10. BER performance versus input SNR.
MS-UFMC and MS-OFDM system in the presence of transceiv@eirfiection

interference-free case (i.e., perfect Tx/Rx) serving asche
0 [ mark. We only present results for the MMSE-based channel
: equalization algorithm and the ZF-based ISBI precana®iati
algorithms, but it must be noted that the MMSE-based ISBI
precancelation and ZF-based equalizers show similar trend
The simulation settings are the same as in the last simalatio
In the interference-free case, the proposed ISBI canoelati
algorithm can effectively improve the system performance i
terms of BER. In the presence of CFO, TO and PN, the
proposed channel equalization algorithm can significarety
duce the BER for given input SNR compared with the system
using original channel equalization. The performance gain
is even larger when both proposed ISBI precancelation and
channel equalization algorithms are adopted in the imperfe
o ‘ ‘ ‘ ittt daitaal transceiver case, which verifies that proposed joint trainec
0 5 0 15 20 25 30 3 40 algorithm works effectively.

Subcarrier Index: n

Fig. 9. Power of ICI, ISI and ISBI in difference subcarriersr f VI. CONCLUSIONS
non-synchronized MS-UFMC and MS-OFDM system in the preseat A framework for multi-service subband filtered multi-caumi

tr;alnsgeiverlimperfection (lines: Analytical results,ct#s and squares: sim- systems has been established in this paper. We first classifie
Hiated restits). different implementations of MS-SFMC system in both time
and frequency domains to provide a valid frame structure
design methodology for next generation wireless communica
region since the filtering response has a lower gain at the edgns and beyond. The system model is proposed by dividing
of subband than in the middle (see Fig. 8), leading to reducgtt whole bandwidth into a number of subbands each for a
interference at the edges than in the middle of a subbaniifferent type of service. We focused on the ISBI perforneanc
However, even with moderate ISBI, it is more dominant ianalysis and a number of properties and observations were
the neighboring subcarriers of two adjacent bands, whi¢h wprovided to shed light on the frame structure design. Based
become evident later. In addition, there is non-zero ISBI ah the proposed model, the low-complexity ISBI cancelation
all subcarriers for both UFMC and OFDM systems, even #lgorithms were proposed at the transmitter that can figxibl
the subcarriers index satisfies Proposition 2, since we hayncel the ISBI for arbitrary bandwidth. By considering the
considered a non-synchronized system. transceiver imperfections (CFO, TO and PN), synchrorizati
Finally, we examine the effectiveness of the proposed ISBtrors among services and insufficient ZP length, an acalyti
cancelation algorithm and equalization algorithm given igystem model was established to analyze the desired signal,
equation (27) and (43) in the presence of CFO, TO and PI&I, ICI, ISBI and noise. Consequently, channel equalarati
Since the proposed ISBI cancelation algorithms are aggkcaalgorithms were proposed by considering the errors and im-
only to generalized synchronized system, simulations aperfections based on the derived signal models. All of the
conducted in this scenario. The results are compared with therivations and propositions are also applicable to OFDM
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systems as a special case. Various numerical and simulatiofror the last term, we havef)gvABmGnyl,i,lam)i2 =

results are given to show the effectiveness of the analysls qsgvABmGn,l,i—lan,l- Substituting the three derived terms
proposed algorithms. into (45), we derive (12).
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members for this work. M,. independent UFMC symbols in service 1, e.g., we have
Ngym,1 = M. and Ny, 2 = 1. According to equation (11),
APPENDIXA ISBI for the first subband (also the only subband) in service
PROOF OFEQUATION (10) 2 can be written as
Using (6), (7) then we can write,, ; = (D? ¥,,.:)'% as 1 " oa
g ( ) (1) i = (DioFmas) Y2,1,ISBI = EHZnglGl,lal (46)
Cm,i = (D BmGk,v,iak,v)lz + (ﬁkHUWm,i)lz ~ 7 . ..
Pk,v ’ WhereGLl = [G1,1§ O(2N271\1L1)><M5CZ1]- With sufficient ZP,
we have utilized the facDgflABg 1G11i- 1a1 1 = 0. Since
Dy g ’”Zq 1,90 Gr.g.ifikg) " . z G1,1 = Blkdiag(A1,1D1.1, Neym,1) = Z A1 1,iD1.1,a1

with A= [0(171)L1xM5CZNAl,z,O(MSCﬂ)_leMSCZl,
0N, —M..L1)xM,. 2] @nd D1 = Blkdiag(Dy 1, Mic).
Substitute into  (46), we have Df Gy a =

_|_
Mx
S uMﬁ

Dkyv(BmGn,l,i + ABrrLc;rn,l—l,i)an,l]l 9

whereB,, = [B; O(ny— ey —Lrrt2)xL,)- NOte that the

M. H T - _
subcarriers in the subbands that belong to one type of gervici=1 Fy Dy, Dy alla, where Dy, =
are orthogonal when guard interval is sufficient [22], leadi P11 allvON2leMsc] Fii = [A1iF11,008,-2)x2N]
to ICI term (Dk B>, +yGrgiak )2 = 0. Using with A, ; being Z; dimension diagonal matrix with it&-th

v g=1.97v e ’ 27l 1)L 2N. I
D,y DIy =Ion,, (44) can be further expressed as element beinge~ 72111 /CN2) R, ;s also a diagonal
) matrix with its [-th diagonal element belngﬂ( ). Then
- - M. M.

Cm,i = D Bum.cirDan, (— DI G ian,s S Ey 1D2N2D1 pands = > f FyDE Dy anay

Ph.v W|th D{/, being the first Z; cqumns of (D)2
1 .y K Vn o _ ~ Note that the l-th row and n-th column element of
+—lD2Nk Z ZGnvlﬂianJ) + Dy Wi DI, can be written ase/27(H(BitAB)L)n/(MocNy)

HE n=1,n#k l=1 2

by further noticing ]51,17(1” is a ~block diagonal matrix,

K v, x ‘
1 - the I-th row and k-th column of D, D is w =
I 12 11Y1,1,all 1k
+pnl Z ZD ABGri-1)an]™,  (45) ZNlol o—i2mnk /Ny pj2m(I+(B1+AB1)N1)(n+rN1)/(MseN1)
" n=1,n#k l=1

|(k/Z1| Therefore, the ISBI to thd-th subcarrier in the
whereB,,, .;, is a2N; dimension circular channel matrix with g ,pband 2 can obtain proposmon 1.

the first column(hy; 00N, —roy)x1]. Whenn =k and By using AB;

! = MyAfs, we can further express
[ = v, according to the definition o&,, in (7), we can write g

k=1/Mgc— (A41+1ng/lwsc)]

_ Ni-1 7]27rn[

H @ _ H o g Wik = D opeo . Apparently,
D2NkG:{c,v,iak,v = Doy, AkwcirDan, Doy, Dipvdkois  \when 1/ M, -|- qu/M sc € Z andk — /M, — (M, +
where Dy, , = [Dy.v;0n,xz,] and Ay , . being circular 1 a2l LB APON
matrix with the first colukmn[,}’T :0 ]. By using Moo/ Mse) # 0, Z et =0 for all

. ' kyus D (2Nk - f{m )x1 k. Note for non- overlapplng bandwidth allocation, we have
ttle circular matrix property, we havBmBm,m]?sz =k —1/M.. — (M, + My,/M,) < 0 for all k. i.e, the only
H,,. and DgNkAk,v,cirD2Nk = Fiv,au, WhereH,, , = condition to achievé®; sp;2(1) = 0isl/Mg.+My,/Ms. € Z,

[0, 02N, 22,)x22,) and H,, € C?%>2Z and which implies that + M, is integral times of\/,., resulting
Fi.an € C2Nex2Ne gre diagonal matrices corresponding tin Proposition 2.
the frequency domain channel and filter response. By using
H,, WFkva = = H,, F,. » With their [-th diagonal element APPENDIX C
being H,,,(l) = zﬁcg P B (n)ed2mn(42m0)/(2Nk)- ang PROOF OFPROPOSITION3
Fro(l) = Y0587 fuw(n)e??m(2m0)/@NY, in addition,  According to (12), the ISBI for thé-th UFMC symbol in
(DszDk v@kv 1)i2 = ay i, We have the first item being subband 1 of a service can be written as

Hm qu wak v,
Noting that H, D, ~ = H,,Df{,. Then
the second term in (45) can be expressed

1 ~ ~
H
Pk yi1i1ser = —Hi11D7,Goj1 a1 (47)

as. A A Aroa 3

1 K sV DA G with  95"d D{|Gy 221 = D{'|Ay;1,Dy1a,, Where Ay ;

g Hono 2 n=lnth £ad=1 Tk Lidn,l denotes taking thé(i — 1)L, + 1]-th to iL;-th row of A, ;.

(D ,U) D kv _ _ L ForLFQ << L1, we can use the apprommatmhz 1 1D2 1R
For the third term on noise, noting the definition ngv A2,1,mD2,1,z. where Ay | o € C2N1X2N1 g g circular

andw,, ;, it can be easily shown thaI")lefvwm_,i)i2 = Wy, Matrix with the first column beingfs 1,01 2n,—1,.,)]" and
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]527171' = [0(i—1)L, x 25} ].:')271_,1-; 02N, —iL,)x 25)» Where Dglz [23] R. Hamila, O. Ozdemir, and N. AL-Dhahir, “BeamformingOM per-

is a sub-matrix ofDy; taking its [(: — 1)Ly + 1]-th to
the iL;-th rows. Thus, we havdD! A, .;;Da; a0 =
FoD{ D, 1 a5, with the I-th diagonal element oF; be-
ing Fp, = ﬁi‘oz_le*jQ’T"l/lem(n). The I-th row and
the k-th column of the matrixD, Dy, ; can be written
asw i ::z:i;gle—jzwwmen—(n+@—4)L1xk+nzlﬂ/(h@cwax

Then we get Proposition 3.

REFERENCES

[1] J. Andrews, S. Buzzi, W. Choi, S. Hanly, A. Lozano, A. Sgomand
J. Zhang, “What will 5G be?”IEEE Journal on Selected Areas in
Communicationsvol. 32, no. 6, pp. 1065-1082, June 2014.

[2] Cisco, “Cisco visual networking index: Global mobile tdatraffic
forecast update, 2015-2020,” Tech. Rep., 2016.

[3] A.ljaz, L. Zhang, M. Grau, A. Mohamedt al, “Enabling massive loT
in 5G and beyond systems: PHY radio frame design considesgti
IEEE Accessvol. 4, pp. 3322 — 3339, 2016.

[4] X.Zhang, M. Jia, L. Chen, J. Ma, and J. Qiu, “Filtered-Q%¥D enabler
for flexible waveform in the 5th generation cellular netwatkn IEEE
Globecom 2015, pp. 1-6.

[5] 5GNOW, “D3.2: 5G waveform candidate selection,” TeclepR 2014.

[6] G. Wunder, P. Jung, M. Kaspariclet al, “5SGNOW: non-orthogonal,
asynchronous waveforms for future mobile applicationEEE Com-
munications Magazinevol. 52, no. 2, pp. 97-105, February 2014.

[7] V. Vakilian, T. Wild, F. Schaich, S. Ten Brink, and J.-Frigon,
“Universal-filtered multi-carrier technique for wirelesystems beyond
LTE,” in IEEE Globecom Workshops (GC Wksh)13, pp. 223—-228.

[8] Y. Chen, F. Schaich, and T. Wild, “Multiple access and efavms
for 5G: IDMA and universal filtered multi-carrier,” ilEEE Vehicular
Technology Conference (VTC Springp14, pp. 1-5.

[9] F. Schaich and T. Wild, “Waveform contenders for 5G; OFD.
FBMC vs. UFMC,” in International Symposium on Communications,
Control and Signal Processing (ISCCSR)ay 2014, pp. 457-460.

[10] J. Abdoli, M. Jia, and J. Ma, “Filtered OFDM: A new wavefo
for future wireless systems,” itEEE Signal Processing Advances in
Wireless Communications (SPAWGune 2015, pp. 66-70.

[11] B. Farhang-Boroujeny, “OFDM versus filter bank multider,” IEEE
Signal Processing Magazineol. 28, no. 3, pp. 92-112, May 2011.

[12] J. Du, P. Xiao, J. Wu, and Q. Chen, “Design of isotropithogonal
transform algorithm-based multicarrier systems with dblghannel esti-
mation,” IET Communicationsvol. 6, pp. 2695-2704, November 2012.

[13] G. Fettweis, M. Krondorf, and S. Bittner, “GFDM - genkzad fre-
quency division multiplexing,” iNEEE Vehicular Technology Confer-
ence, 2009April 2009, pp. 1-4.

[14] N. Michailow, M. Matthe, I. Gaspar, A. Caldevillt al., “Generalized
frequency division multiplexing for 5th generation cedlulnetworks,”
IEEE Transactions on Communicationsl. 62, no. 9, pp. 3045-3061,
Sept 2014.

[15] E. Dahlman, S. Parkvall, and J. SkoldG: LTE/LTE-Advanced for
Mobile Broadband Academic Press, 2011.

[16] D. S. Sesia, M. M. Baker, and M. |. ToufikTE: The UMTS Long Term
Evolution: from Theory to Practice2nd ed. Wiley-Blackwell, 2011.

[17] X. Wang, T. Wild, F. Schaich, and A. Fonseca dos Santbsiversal
filtered multi-carrier with leakage-based filter optimizat” in European
Wireless Conferenge2014, pp. 1-5.

[18] J. Yli-Kaakinen and M. Renfors, “Optimization of flexéfilter banks
based on fast-convolution,” IEEEE International Conference on Acous-
tics, Speech and Signal Processing (ICAS2PL4, pp. 8317-8320.

[19] M. Renfors, J. Yli-Kaakinen, and F. J. Harris, “Analysand design of
efficient and flexible fast-convolution based multiratesfilbbanks,|[EEE
Transactions on Signal Processingl. 62, no. 15, pp. 3768-3783, 2014.

[20] M. Renfors, J. Yli-Kaakinen, T. Levanen, M. Valkanet, al,, “Efficient
fast-convolution implementation of filtered CP-OFDM waweh pro-
cessing for 5G,” INEEE Globecom Workshops (GC Wksh)15, pp.
1-7.

[21] X. Wang, T. Wild, and F. Schaich, “Filter optimizatiororf carrier-
frequency-and timing-offset in universal filtered muléirder systems,”
in IEEE Vehicular Technology Conference (VTC Sprirg§)15, pp. 1-6.

[22] L. Zhang, A. ljaz, P. Xiao,et al, “MU-UFMC system performance
analysis and optimal filter length and zero padding lengthigug’
submitted to IEEE Transactions on Signal Process2@l6. [Online].
Available: http://arxiv.org/pdf/1603.09169v1.pdf

formance under joint phase noise and I/Q imbalani&EE Transactions
on Vehicular Technologyol. PP, no. 99, pp. 1-1, 2015.



