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Abstract—Network slicing has been identified as one of the stringent latency requirements, which necessitate sagmifly
most important features for 5G and beyond to enable operat® small symbol duration compared with the mMTC scenario.
to utilize networks on an as-a-service basis and meet the wed 6 {5 the huge discrepancy in this design criteria and
range of use cases. In physical layer, the frequency and time e o - - .
resources are split into slices to cater for the services wit sp§C|f|cat|ons, it is cumbersome to de_S|gn a unified allfie-o
individual optimal designs, resulting in services/sliceshaving radio frame structure to meet all requirements for all types
different baseband numerologies (e.g., subcarrier spacg) and services. In addition, low-end MTC devices might have ladit
/ or radio frequency (RF) front-end configurations. In such a hardware complexity and signal processing capabilities, t
system, the multi-service signal multiplexing and isolatin among RF bandwidth especially the analog to digital (A/D, or D/A
the service/slices are critical for the Physical-Layer Netork . . L '

Slicing (PNS) since orthogonality is destroyed and signifant for uplink) conver'ger might be significantly smaller thareth
inter-service/ slice-band-interference (ISBI) may be geerated. full system bandwidth as compared to the normal UE or base
In this paper, we first categorize four PNS cases according tthe  station.

baseband and RF configurations among the slices. The system The multiple services can be multiplexed in one system in
model is established by considering a low out of band emissio orthogonal frequency or time slices. Compared with the time

(OoBE) waveform operating in the service/slice frequency &nd to - . - L . .
mitigate the ISBI. The desired signal and interference for he two domain multiplexing (TDM), frequency division multiplexg

slices are derived. Consequently, one-tap channel equasiton (FDM) has several advantages such as good forward com-
algorithms are proposed based on the derived model. The patibility, ease of supporting services with differentelaty
developed system models establish a framework for further requirements, energy saving by turning off some transmié ti
interference analysis, _ISBI cancelation algorithms, sysim design intervals (TTIs) etc [6]. However, combining multiple ser-
and parameter selection (e.g., guard band), to enable speatn . ) . . . . .
efficient network slicing. V|ces/sI|ces_ with different BB an(_j RF configurations intaeon
Index Terms—Network slicing, physical layer network slicing Paseband is also more challenging than TDM due to the loss
(PNS), inter-service / slice-band-interference (ISBI),dolation and  of orthogonality, resulting in inter-service-band-irffegence
multiplexing, waveform, multi-service (ISBI) [5].

How to multiplex and isolate the signals to minimize the
interference and overhead among the slices/services is one
The next generation wireless communication (5G) and bef the main challenges to enable spectrum efficient network

yond will enable a fully mobile and connected society, whichlicing. In principle, the overall interference level degs on
requires to support a variety of very diverse and extrentiee subcarrier spacing and RF bandwidth differences among
requirements in terms of latency, throughput, capacity] athe slices and the GB between the service bands. Moreover,
availability. Network slicing offers an effective way to et¢he the choice of waveform is also a key factor to determine the
requirements of all use cases and enables design, deploymiaterference level. Therefore, a framework model by takirey
customization, and optimization of different network sic BB and RF differences and low out of band emission (OoBE)
on a common infrastructurdl], [2], [3]. However, due to waveform into account is a foundation for the PNS design in
the extreme diverse requirement among the services and tesens of parameter selection, algorithm design, frameira
cases, the service configurations in different resourecesli design, etc.

may be significantly different [4], [5]. From the physicay& To analyze the performance loss caused by services’ BB
perspective, the differences could be either in basebaBl (Bmparity, [5] has proposed a comprehensive framework on
(e.g., frame structure, subcarrier spacing, etc) or / amddio a multi-service system to support multiple types of ser-
frequency (RF) front-end (e.g., processing bandwidth). Fueices/slices each having different subcarrier spacingfearde
example, the massive machine type communications (mMTG}ructure. The system modeling and performance analysis in
identified as one of the main scenarios for 5G, might requiterms of ISBI have been given, with a proposed precod-
smaller subcarrier spacing and larger symbol duration itmg algorithm to cancel the ISBI at the BS for downlink
support massive delay-tolerant devices. On the other hat@dnsmission. In addition, as an exemplary case of resource
vehicle to vehicle (V2V) communications have much morslices using different RF configurations, In-band and Guard
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band Narrow-band Internet of Things (NB-loT) utilizing thefollowing four cases encompass the differences among all of
resource blocks within a normal or guard-band Long Terthe UE, application, and service: the two slices have theesam
Evolution (LTE) carriers, have been adopted in LTE-AdvahceBB and same RF (SBSR), the two slices have different BB
Pro as an important feature, where the NB-loT devices usiagd same RF (DBSR), the two slices have the same BB and
as narrow bandwidth as 180 kHz are multiplexed with thaifferent RF (SBDR), the two slices have different BB and
LTE UEs and share the same infrastructure (e.g., BS) [different RF (DBDR).
The coexistence of LTE and IoT signals has been investigatedCase 1 - SBSR: the RF and BB in the two access resource
by 3GPP via extensive simulations [7]. Other studies asilices use the same configurations. In addition, the RF pro-
NB-IoT focus on either frame structure design [8], randomessing bandwidth in the two UEs are equal or larger than the
access networks [9] or scheduling [10]. In addition, the NBwhole system bandwidth. As a result, the two slices can be or-
IoT is based on orthogonal frequency division multiplexinthogonally multiplexed without generating any interferery
(OFDM) to make the system compatible to the legacy LTHEsing the classic OFDM waveform only. Note that LTE/LTE-
UEs. In such case, the interference may be significantlyelarg is such a kind of system wherein all UEs and services have
when multiple chunks of RBs are used to support massittee same configuration.
IoT devices. Therefore, a new system model considering lowCase 2 - DBSR: The two UES allocated in the two access
Oo0BE waveforms is necessary to analyse the impact causedource slices have the same RF processing bandwidth.
by the RF processing imparity among the service bands. However, the baseband numerologies utilized in the tweslic
addition, the models can provide a basic framework for 5&re different. For example, one UE is a MTC device and
BB frame structure and RF bandwidth selection. other one is a legacy LTE UE. To support massive MTC
In this paper, we will first build a multi-service systemand enable sufficient power boosting, the subcarrier sgacin
framework for physical layer network slicing and categerizin MTC should be smaller than the legacy user, resulting in
the four possible cases by considering the differences th bdlifferent frame structures. The system model and intenfere
BB and RF configurations, with a subband filtered multicarri@nalysis have been discussed in [5] thoroughly.
(SFMC) waveform operated on the top of slice signals to Case 3 - DBSR: Unlike Case two, Case three assumes
reduce the ISBI. By considering the most general case, ithe two UEs that occupy the two slices have different RF
the two slices with different BB subcarrier spacing and Re€onfigurations (at least on is smaller than the system band-
processing bandwidth, the downlink system model for PN8idth to save cost and complexity), but with the same BB
is established. Note that the work can be extended to themerology. An example of such a scenario is the narrowband
uplink transmission straightforwardly. Based on the estalmternet of things (NB-10T), where the processing bandiidt
lished system model, one-tap channel equalization algost in 0T UE is only 180 kHz, i.e. much smaller than the BS
and expressions for ISBI due to the joint RF band BRnd legacy LTE UEs (e.g., 20 MHz). Due to the sampling
configurations mismatches are derived. rate mismatch between the transmitted and received signals
Notations {-}* and {-}7 stand for the Hermitian con- system orthogonality will be destroyed and may invalidate
jugate and transpose operation, respectively. We &} the widely-used signal detection algorithms (e.g., channe
and diagA} to denote the expectation of matrik and a equalization/estimation) [11].
diagonal matrix formed by taking the diagonal elements of Case 4 - DBDR: Case four considers both RF and BB
A, respectively. However, digg} denotes forming a diagonalimparity among the access slices. In this case, the ISBI will
matrix A using the vectora. I,y and 0y, refer to be generated from two sources. This is the most complex
M dimension identity matrix and afi/ x N zero matrix, Case that may have the worst performance in terms of ISBI.
respectively. However, this case probably is the most practical one, since
it can maximize the potential of the network slicing to cater
Il. FOUR CASES OFPHYSICAL-LAYER NETWORK SLICING {0 the individual service requirements by optimizing b&h
(PNS) and BB configurations. In addition, it is also the most gemeri
Without loss of generality, in this paper we will onlycase in terms of theoretical analysis. For these reasons, we
consider two physical layer slices that may have differentill build system model and analyze the interference based
configurations for the two use cases. We assume the tewo this case.
access resource slices are adjacent to each other with orhe interference level in Case 2, 3 and 4 can be either
without a guard-band between them to mitigate the ISBleduced by inserting guard-band between the two service
Note that each access slice in PHY may be assigned Hands, resulting in spectrum efficiency reduction, or bygsi
multiple users that have the same configuration. Howevegbband filtering to mitigate the interference. In this pape
different slices may have different optimal BB and / or Rhwill consider low OoBE SFMC waveform operating on the top
configurations. In addition, different types of users withisar of each resource slice to reduce interference.
communication requirements (e.g., data rate, complesity)
may be categorized into the same resource slice. To simplify Ill. DBDR PNS SYSTEM MODEL
our derivations and without loss of generality, we assume Suppose the system bandwidthis normalized, i.e.B =
that each slice contains one UE only. In physical layer, tHeand the slices 1 and 2 have the bandwidh and Bs,



respectively, with a guard banB; in between. Let us define Transmitter

AB, and AB; as other used or unused bandwidth/slices ¢ | sie1 IoFr o oaend
: . K a; —»| Spreader —b‘ insertion [—®{ Filtering
the left and right of slices 1 and 2, respectively; and M, (M symbols) | Fu, 2 A -
are the number of subcarriers in the first and second slic — (SR =S,
. . . ubbani
Therefore, the discrete Fourier transform (DFT) sizes @seb ay —| spresder | —| inserton [ g
band sampling rate) for the two slices are: (tsymbols) | P, L :
M; . :
N; = Fl’ for i=1,2 Q) Receiver
i UEL Receiver CcP DET - ay
. . R Filter [ removal [~ FH W’—;
Note that the bandwidtiB; and number of subcarrierd/; (SR=5y) D, R M Wy

selection will make sure thaV; is a positive integer.

1) Baseband numerology imparityn principle, different vz P Recetver cp Phese | | oFr | [ Equalizer |, %
. . . : | & shifter (pf =
slices/services can use arbitrary symbol duration andasubc s [N L PR w P w,

rier spacing in its frequency bands. However, it is bendftoia
deS|gn aPNS system with an 'ntegral Iea_St common r_nultlphgiﬁ 1. Transmitter and receiver block diagram of DBDR pbgkilayer
(LCM) symbol durationT; ;s for all services, e.g., slices 1 network slicing.

and 2 symbol durations satisfy the relationsiiff, = 2AT}

(which implies that subcarrier spacinggf; = 2Af,). In

fact, this design principle has been adopted as a basis for g = [92(1),92(2), - - - , ga(Lp2)]" (5)
the current 5G air interface standardization. For example ,
assuming the subcarrier spacing for eMBB is 15 kHz, tH’é“hereLF’l and L, are the lf|lter length. .
subcarrier spacing for mMTC should be, e.g., 15/8, 15/42 15 Thus, the frequency domain filter response can be obtained

kHz, etc. Therefore, we assume that the subcarrier spaain Y the Fourier transform as:

slice 1 isG times wider than the one in slice 2 i.e. fi = Ff,lgl (6)
Afi =GAfs @) £, =F¥ & (7
2
whereG € Z > 1. where F{, and F} are power normalized DFT matrices

2) RF imparity: Similar to the BB case, the RF processingyith dimensionN; and N, respectivelyg, and g, are the
bandwidth of the two UEs may be integral multiples of eachero padded versions @f; andg, with length N; and N,
other to facilitate DFT (or inverse DFT (IDFT)) processingespectively.
and RF design. In principle, the RF processing bandwidthNote that the the matched filter can be applied at the
difference in the two slices may not be correlated with thecejver of UE 1 to reject the interference from the adjacent
BB imparity. However, a particularly interesting and pie&l  syppand/slice. However, baseband filtering will not work in
use case is the mMTC, whose subcarrier spacing and RF p#gs UE 2 since the signals will be down sampled by a factor
cessing bandwidth are smaller than the eMBB case. Ther,efquQ in the A/D converter. However, the RF filter will take
in the next, we will consider that the sampling rate of slice ¢he role of mitigating the interference from resource slice
and slice 2 has the following relationship 4) Transmitter Processing:The signal in thei-th ser-

. vice/slice after the IDFT and CP insertion can be written in
S1 =05 ) - .
matrix form as:
whereQ € Z > 1_. _ b; = Cii‘Niai 7 @)
3) Subband filtering waveformsMany waveforms have
been proposed for 5G to reduce the out of band emissiofere Ci = [0r., x(N,—Lep)s Liep,;In,] € REN

such as subcarrier filtered multicarrier system includittgrfi With Lcp,; being the CP length for the-th service/slice
bank multi-carrier (FBMC) [12], [13], [14] and generalizec®nd L; = N; + Lcp,; is the symbol duration of the-th
frequency division multiplexing (GFDM) [15], [16], subbdn service/slice in sampleFy, € CY**: is a submatrix of
filtered multicarrier (SFMC) system including universak fil the N;-point normalized andrequency shiftedDFT matrix.
tered multi-carrier (UFMC) [17], [5], [18], [19] and filtece The element in the-th row andn-th column of Fy, is
orthogonal frequency division multiplexing (F-OFDM) [20] di,n = f;NkGJ'Q”l(”““)/Nﬂ wherer); is the frequency shift

[21], [22]. Amongst them, SFMC system is a promisingiven as

candidate due to its excellent tradeoff between performanc i—1 i—1

and complexity. In this paper, we will consider F-OFDM as M = Ni(z By, + Z ABy,). 9)

an example. However, the results are extendable to all other m=1 m=0

waveforms. Let us denote the subband filter impulse responseyith the waveform subband filtering, we can write the
for the two resource slices as output of the subband filter for theth slice as

g1 =[01(1),01(2),-- g1 (Lr)]" 4) c; = A;b; (10)



where A; € CUitlri=xLi js a matrix form of subband the same response as the RF filter, i.e., using baseband filter

filtering operation. It is a Toeplitz matrix with its first aohn  ZZ4 on the received digital signal is equivalent to performing

and first row being[g;; 0(z,.,—1)x1] and [gi(0),0:x(z,—1)], RF filtering on the analog signal.

respectively. 6) One-tap Channel EqualizationFor the first UE, by
According to equation (2), the symbol duration of the slicasing (8), (10) and (11), we can rewrite equation (12) as:

¢y is G times longer tham;. Let us denote; (k) as thek-th

symbol of slice 1, thei@; is a vector formed from the contigu- - -

ousG symbols in the slice i.e1 — [c1(1); ¢1(2);-- - : 1 (G)]. yie = FYRIAIBIAICIFy,ai(k)

The signal in one LCM symbol before transmission over the + Ay CoFn,a0 + Wi k] (14)

channel can be written as: where Agyk is a sub-matrix ofA,; taking its (kL + 1)-

p==2e +co (11) th to (k + 1)Li-th rows. With sufficient CP length and
without considering the ISI, we havR;AB;A,;C; =

5) Receiver Processing:Let us assume the Cha””e%fcirBl,cirAl,cir,WhefeAfcir,Bl,cir andA, ., are circu-
between the transmitter and théth user is h; = |ar matrices. Using the circular convolution property beén
[hi(1), hi(2),--- ,hi(Lom,:)] whereLog ; is the length of the the first slice’s signal in thé-th symbol, we can write (14)
channel in samples. Using equation (11), the received kigag:
at thei-th user can be written ag; = h; * p + w;, where
w; is the noise vector with each element having a distribution vik =Hepprai(k) +ep +vig (15)
wi(l) ~ CN(O’.Uz'z)- ) where Hepp1 = HlFlF{I is the effective channel

At the receiver, due to the different RF and base ba@gking the filter responses into consideratios, =
configurations, the two UEs processing also varies. For tﬁejzvf R,AFB,A, kC2FNga2 andv, = f\% R1AfIB1W1 N
first UE with smaller symbol duration and same RF bandwid{l jhterference from the second slice and noise after DET
with BS, the received signal will be split int@ symbols and operation, respectively. Note that the interferense, at
follows the OFDM processing directly. Specifically, for UE 1gjtterent symbols in one LCM duration (i.ek, takes different
y1 is splitinto non-overlapping symbols each being a lengthyyes) might be different since the symbols in slice 1 aerl
L, vector for receiver baseband processing. Let us define ith different parts of slice 2.
andw ;. as the[(k — 1)L, +1]-th to kL,-th elementofb and  The first term H, ;a4 (k) is the desired signal and it
w1, respectively. Then the signal (before channel equatiti can pe seen that the signal has been written as a point-wise
of the k-th symbol of the first UE can be written as multiplication with the filter and channel frequency resgen

_pH H 1. Thus, one-tap channel equalization can be performed.

Yie = FnRiATB(pe + wip) for k=1, G (12) For the second UE, by using (8), (10) and (11) and similar
where R; and A’ are the CP removal and matchedo the UE 1, we can rewrite equation (13) as:
matrices with correct dimension, respectiveB, is the
Toeplitz channel matrix with its first column and row being Y2 = Hefp2az + €2+ V2 (16)
[h1,0(2, Loy, —1)x1)” and [hi(1),01xz,-1], respectively. whereH., ;. = HyFo Y4 is the effective channel of UE 2
Note that the inter-symbol-interference (ISI) is not cdesed with Y4 being the RF filter frequency response in U2 =
in the system model since it could be neglected as compau’éﬁ2R2qlDGz§IBQEI andvy, = FﬁQRg\IIDngfngQ are
to the ISBI when the waveform is well designed. Howevejqterference from the first slice and noise after DFT opergti
the analytical ISI expression can be found in [5]. respectively.

For the second UE assigned within the second slice, theThe data for UE 2 can be written as a point-wise multipli-
length ofp is the same as one symbol in slice two. Howevegation with the filter and channel frequency response. Then
due to lower RF processing bandwidth, the signal will bge can readily design the linear one-tap channel equalizati
down-sampled by a factor @, phase shifted, and the normakigorithms based on (15) and (16) as:

Ns-point OFDM processing performed. The signal of the " R
second UE (before channel equalization) can be written as: Wi = (Heppileps, +vE:) " Hepy (17)

_ RH H where E; is the diagonal matrix with the

y2 = Fy,Ro¥DgZy Bo(p + wa) , (13) diagonal element being the interference plus noise
where D¢ is the down-sampling matrix by a factor ¢). power on the subcarriers. When = 1, E; =
¥ is a diagonal matrix phase shift due to the RF processiag F4 R1A{B1A, .CoF N, FY CHAY B AR Fy, )+
ing bandwidth mismatch. The-th diagonal element o6 o021, . When 1 = 2, E, =
is e~/2minz/Mz2 R, is the CP removal matrix with correctdiag F¥ R, ¥DZ4 Bociel BY Z,DEWHRIFy,)  +
dimension. Note that due to down sampling at UE 2, thelI,,,. v = 0 is for the zero forcing equalizer and= 1 is
baseband subband filtering can not work well to reject ttier the minimum mean square error (MMSE) equalizer. Note
interference from other slices. Instead, the RF filter teékés that with proper filter design or at low SNR, the interference
role. Here we assumgZ’ is a baseband filter matrix that hascan be assumed to be zero, then we have the approximation



E; ~ 021, andE, ~ 021, In this case, no interference

. : o X o -14
signal information is required for MMSE equalization.
-16 T
IV. NUMERICAL RESULTS o )
18+ MSE in Slice 1 with

In this section, we investigate the proposed DBDF mod
and performance for the multi-service PNS system in terms 20 |

AB =[0,1,4,10] Af,

the signal mean square error (MSE) and bit error rate (BE %‘_22 |

for both slices. The OFDM system is also considered in tt

simulation as a benchmark. The first and the second UEs £ -24 ¢

allocated20% and5% of the full bandwidth. Each slice/service .| MSE in Slice 2 with

contains 20 subcarriers and the corresponding DFT size AB, =[0.1,4 101 Af,

the two slices are 100 and 400, respectively. Thus, we hg 281
the subcarrier spacing relationship between the two sesvic 30t
Af; = 4Afo. In addition, we assume the RF down samplin
factor in UE 2 is 20, i.e., the sampling rate at the UE 2 is on -32 : ‘ ‘
1/20 of the one used in the UE 1 or base station. The CP len
for the two UEs are 10 and 40, respectively. We consider the
LTE extended typical urban (ETU) channel, unless otherwise. 2. MSE versus subcarrier index with different guardchanB; (Red
specified. The modulation scheme is 16-QAM (quadratuees are for slice 1 and blue lines are for slice 2).
amplitude modulation). In addition, we consider the MMSE
based one-tap channel frequency domain equalizer. F-OFC* "
waveform with matched filter at the receiver is considered
the paper for all simulations with windowed Sinc filter ant
filter length being half the DFT size [21].

To investigate the interference in the DBDF system dt
to the baseband and RF numerology mismatches, Fig.
shows the symbol MSE after channel equalization vers

Subcarrier Index

the subcarrier index for both slices with different value —6-AB; =0

of guardbandAB;. To clearly show the ISBI change, we 4 j;i Elj’m

consider the AWGN (Additive white Gaussian noise) chann oAb AL

and E}, /Ny = 50 dB in this simulation. However, a multipath 1074 o A 31: 4A2fz

fading channel will the considered in the next simulatian. ——AB =4,

can be seen that the signal in both slices has smaller interi T

ence at the middle of the subband than at the edge. The rea N B, = 4a1, (OFDM)

is that the F-OFDM system generates more interference at | a8, = 421, oFoW) ‘ ‘ ‘

edge than in the middle [5]. In addition, the interferenaele 107, 5 10 15 20 25 30
reduces when the guard band increases in slice 2, especi E,/N, (dB)

at the edge subcarriers. On the other hand, the MSE does not
change significantly in slice 1 when the guard band increasf@- 3. BER versugi, /N, with different guard bandi 5, (Red lines are
. . or slice 1 and blue lines are for slice 2).

In terms of the ISBI, the simulation results show that a ceup
of subcarriers as guard band is sufficient.

The BER performance for both UEs for different guard
band B and E,/N, is shown in Fig. 3. It can be seendefined and discussed for the PNS. By considering the most
that the two UEs in the DBDF system can co-exist witlyeneral case: slices with difference BB and different RF
satisfactory BER performance even with relatively smaliigu  configuration (DBDR), the downlink system model for PNS is
band between them. However, smaller guard band tendsbtdglt based on the subband filtered multicarrier waveforire T
cause an error floor in higlt, /Ny region. Consistent with desired signal and interference are derived separatelydibr
the MSE simulation results, slice 2 is more sensitive to trgdices. Simulation results show that a couple of subcarrier
guard band than slice 1. In addition, it can be seen that theed as guard band between the two slices can efficiently
OFDM system cannot work properly in the DBDF multi-reduce the interference caused by the BB and RF mismatch.
service system since slice 2 is seriously affected by ISBI. The work presented in this paper provides a solution as to
how the network slicing can be underpinned in the physical
layer in a spectrum efficient way. The future work can be

The work introduced in this paper establishes a framewoftxcused but not limited on the following aspects: 1), new
for the physical layer network slicing in terms of the signathannel equalization and estimation algorithms due to the
multiplexing and isolation. Four different configuratioase slices configuration mismatch; 2), synchronization andioam

V. CONCLUSIONS



access algorithms should be also proposed to support s X. Zhang, M. Jia, L. Chen, J. Ma, and J. Qiu, “Filtered {ONF - enabler

new architecture in PNS; 3), Slice resource scheduling; 4), for flexible waveform ip th‘e 5th generation cellular netw&tkn 2015
IEEE Global Communications Conferendeec 2015, pp. 1-6.
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