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Coexistence in 5G: Analysis of Cross-Interference
between OFDM/OQAM and Legacy Users

Quentin Bodinier, Faouzi Bader, and Jacques Palicot
SCEE/IETR - CentraleSupélec, Rennes, France,
Email : {firstname.lastnamje@supelec.fr

Abstract—To optimize the use of the spectrum, it is expected form schemes explored by the research community. Indeed, it
that the next generation of wireless networks (5G) will enae  overcomes the cited CP-OFDM limitations and enables both
coexistence of newly introduced services with legacy celar net- pigher flexibility and reduction of interference leakage fo

works. These new services, like Device-To-Device (D2D) com- ltistandard ¢ ist o1 171, Th . Il
nication, should require limited synchronization with the legacy Multistandard systems coexistence [2], [7]. The main rsgli

cell to limit the amount of signaling overhead in the network Point of OFDM/OQAM lies in its improved spectral contain-
However, it is known that Cyclic Prefix-Orthogonal Frequenyy —ment that is obtained through the filtering of each subcarrie
Division Multiplexing (CP-OFDM) used in Long Term Evolution-  with a highly selective prototype filter. In this paper, wellwi
Advanced (LTE-A) is not fit for asynchronous environments. This study the case of OFDM/OQAM systems using the PHYDYAS

has motivated the search for a new waveform, able to enhance . L
coexistence with CP-OFDM. Namely, it has been widely sugges filter [7]. Thanks to the enhanced spectral localizationhef t

that new devices could use OFDM/Offset-Quadrature Amplitde latter, OFDM/OQAM boasts hardly measurable out-of-band
Modulation (OFDM/OQAM) to reduce the interference they inject (OOB) emissions, as its Power Spectral Density (PSD) rgpidl
to legacy cellular users. However, values of interferencera decreases below the ambient noise level.
usually measured at the input antenna of the receiver, baseoh the S ;
PSD gf the interfering singljaI. We showed in previous works tht h Building on tzls’ a numg?;&?gpi\ra for example [f8r]—_[11|],
this measurement is not representative of the actual intedrence ave suggested to use Q to ‘?OGX'St efiiciently
that is seen after the demodulation operations. Building orthis ~With CP-OFDM based networks. All the studies on that matter
finding, we provide in this paper the first exact closed forms 6 use the PSD-based model, originally proposed in [12], te rat
cross-interference between OFDM/OQAM and CP-OFDM users. the cross-interference between the OFDM/OQAM and CP-
Our results prove that using OFDM/OQAM only marginally  orp\m systems. This model consists in integrating the PSD
reduces interference to legacy users, in contradiction wit many . . . .
results in the literature. of the mterfe_nng signal on each subcarrier of the user that
suffers from interference. Because of the advantageous PSD
|. INTRODUCTION properties of OFDM/OQAM, studies using the PSD-based
The advent of the 5th Generation of wireless communicatiomodel predicted that using this waveform instead of CP-OFDM
systems (5G) is envisioned to bring flexibility to cellulagtn for coexistence with LTE-A users would be highly beneficial.
works. New services as Device-To-Device (D2D) or Machine- However, the expected gains were not confirmed through
To-Machine (M2M) communications are expected to be masinulations [13], [14]. Moreover, in [14], we explained in
sively deployed in the near future. Such new communicatien qualitative manner why the PSD-based model was not
devices have to coexist with incumbent legacy systems fih to properly estimate the cross-interference that is seen
the cell, i.e. Long-Term-Evolution Advanced (LTE-A) usersafter the demodulation operations at both the receivers of
In such heterogeneous environments, perfect synchramzatOFDM/OQAM and CP-OFDM systems. Furthermore, we
between the different types of systems is not feasible. [bsis showed through numerical simulations that the gains erpect
of synchronization will cause harmful interference betweeby following the PSD-based model were highly overesti-
active users, which will in turn degrade the overall systemated. However, a thorough mathematical analysis of the pos
performance. This hurdle can be overcome through the desigmodulation cross-interference arising between cadagist
of new waveforms that are robust against asynchronism, 2@@8DM/OQAM and CP-OFDM systems is still lacking. This
well localized in frequency. As a matter of fact, as soopaper aims at resolving this issue by providing mathemlatica
as the orthogonality between CP-OFDM users is destroyethsed forms of cross-interference injected by OFDM/OQAM
for example because of the coexistence of unsynchronizento CP-OFDM and vice-versa. The provided closed forms
incumbent and secondary systems, their performance shripkove that OFDM/OQAM fails to protect incumbent legacy
dramatically [1]. This is mainly due to the fact that CPCP-OFDM users.
OFDM systems filter symbols with a time-rectangular window, The remainder of this paper is organized as follows: Section
which causes poor frequency localization [2]-[4] and high presents the system model and a short overview on CP-
asynchronism sensitivity in the multi-user context [4]-[6 2 OFDM and OFDM/OQAM waveforms. In Section Ill, the
OFDM with Offset Quadrature Amplitude Modulationanalysis of cross-interference is led. In Section 1V, thidits
(OFDM/OQAM) [2], [7], is one of the main new wave-of the derived closed forms is asserted by comparison with
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Fig. 1: Considered system model. Interference signals amked with dashed arrows.
numerical simulations, and conclusions are given in Sedffio with d,,, the data vector of quadrature amplitude modulated
Notations: scalars are noted,vectors are bold-faced as (QAM) symbols transmitted on subcarrier; and f7; the CP-
and ensembles are represented by a calligraphy létter,. OFDM transmit filter defined as:

is the discrete symbol indexp indexes subcarriers andis 1
the continuous timex is the convolution operation;* is the frat) = Wl t € [~Tcp, T @)
complex conjugate of, E,{} is the mathematical expectation ’ 0, elsewhere.
with regards to the random variable and R{z} is the real , _ _
The total transmitted signal is expressed as
part of .
Il. BACKGROUND AND SYSTEM MODEL si(t) = Z Sy (1), Vt € R. 3)

A. Analyzed Coexistence Scenario mEM

We consider a coexistence scenario where an incumbent CPIn this study, we consider an AWGN interference channel.
OFDM based system and an OFDM/OQAM secondary systetherefore, the signal at the input antenna of the CP-OFDM
share the same spectral band. The incumbent is assigneficambent receiver is expressed as
set of active subcarrierd; and the secondary a seétls.

We assume that both systems use the same subcarrier spacing yi(t) = si(t) + ss(t) +wi(t), vt € R (4)

. STy r
AF and time-symbofl” = 5. To focus on cross Interferencev\/heress(ﬁ) is the interfering OFDM/OQAM secondary signal

between users, we consider a transmission on an additie WQ\'/hose expression will be detailed in the next section @fd)

gaussian noise (AWGN) channel and do not take into accoylity - AWGN seen at the incumbent receiver

any pathloss or shadowing effect. The corresponding SySten}Assuming perfect synchronization between the CP-OFDM

model is represented in Fig. 1 and an example of Scham?rrgnsmitter and receiver, thg-th demodulated symbol on the

distribution is given in Fig. 2. . L
) . . . . . mi-th rrier of the CP-OFDM receiver is expresséd
Note that, strictly speaking, each interfering signal\esi mi-th subcarrier of the CP-O CCEIVETIS expresset.c

. 7 i : , as
at the receiver it interferes on with a certain delay. For

example, namings the propagation delay between the sec- o, [ni] = dom, [0i] + Z N [0i] + Wilni],  (5)
ondary transmitter and the incumbent receiver, the intiede e Me

signal received at the incumbent is natt) but sg(t — dis). _ _ ) ) _
However, we showed through simulation in [13] that thighere w; is the filtered white gaussian noise component
propagation delay has only little impact on the interfeeen&*Pressed as
between OFDM/OQAM and CP-OFDM users. Without loss of oo
generalilty, we will therefore neglect the propagation yela wi[ni] = / fri(t=—ni(T+Tcp))e2mmi t—n%TcPwi (t)dt, Vi € Z
our analysis.

Now that the system model is laid out, we present in o (6)

the following Section a short background on CP-OFDM anghdy,, ... is the interference injected by thes-th subcarrier
OFDM/OQAM signal models. of the secondary onto thes-th subcarrier of the incumbent,
B. CP-OFDM Incumbent System which is expressetin; € Z as

We consider a CP-OFDM incumbent system withsubcar- o0 . iTen
riers, time-symboll" and a CP duration dfp. As previously 7,,.—m,[ni] = / fri(t—ni(T+Tcp))e 2™ =1 s, (t)dt.
mentioned, it has a set of active subcarridv. The CP-

— 00

OFDM time-domain signal transmitted on each active subcar- @)
rier m; € M; is expressed as In (6) and (7),fr,i is the receive filter of the incumbent and is
t—nTep expressed as

Smi(t) = Z Ao i) frii (t — ni(T + Tep)) 22—
e {L tel0,T)

(1) = VT
(1) Jra®) 0, elsewhere.

(8)
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Fig. 2: Spectral representation of the considered scen@hie <
incumbent and secondary systems coexist in the same dpectra-
band, and each one is assigned a different subset of swdysarri

| =2 [n=

0 t
. - L . Tep T
C. Secondary OFDM/OQAM System Fig. 3: Time axis view of the interference caused by the

) OFDM/OQAM transmission on CP-OFDM receiving windows
We consider an OFDM/OQAM secondary system with .- ( andy, = 1. Both CP-OFDM symbols suffer the same
subcarriers and time-symb®l, and nameMs its set of active amount of cross-interference.

subcatrriers. The time-domain signal transmitted on eatiheac

subcarrierms € M, of the secondary OFDM/OQAM systemThen’ the real part of the filtered signal is taken to remove
is expressed as [15] purely imaginary intrinsic interference [15]. Thereforthe

ns-th demodulated symbol on theiws-th subcarrier of the
Sme(t) = Z (—=1)™"sd,, [ns)0me 0] fT. (t _ nsg) ei2mms+ - OFDM/OQAM secondary receiver is expressed as

ne€ll ©) Ay [ns] = dp[ns] + Z Tmi—sms|Ts| + Ws[ns],  (15)

whered,,, is the data vector of pulse amplitude modulated meM

(PAM) real symbols and,,, [ is a phase factor added to theVith

symbols and defined as [15] 7 T . o
wind = [ R{fua(t = nsy e (-1 w0}

Hms[ns] — 6]% LnsJEmSJ - (10)
Besides, frs is the transmit filter of the secondary system (16)
expressed as < T
o(t) te[-5L, KT ol = [ Rt =)
frs(t) = (11) oo
0, elsewhere

x e 12T (1) Mg, (¢) ). 17)
where K is called the overlapping factor, andis the used
prototype filter. In the remainder of this study, we takes [1l. CROSSINTERFERENCEANALYSIS

the PHYDYAS prototype filter with overlapping factéf = 4, A Cross-Interference at the Incumbent CP-OFDM Receiver

[16], defined as Here, we derive the closed-form expression of interference

P Gkl jom it KT KT seen at the incumbent CP-OFDM receiver as expressed in (7).
g = > ¢ tel=—- =1 (12)  supstituting the expression ¢f s given by (11) in (9), and then
k=—K+1

putting both the resulting form of (9) and the expressiorhef t
with Go = 1, G; = 0.971960, G, = LQ G3 = 0.235147. incumbent receive filtefr i given by (8) in (7), we obtain the
Note thatg is a real and symmetric filter, such thgt(—t) = expression (18) ofj,m[ni]. In the following, we focus on
g(t),vt € R. the mean interference power caused by subcarrigiof the

The signal received at the input antenna of th@FDM/OQAM secondary onto subcarries; of the CP-OFDM
OFDM/OQAM receiver is expressed in a similar manner dscumbent, which we define as

In (4) and is given by Lo 1] = Bty { o 1] 2} (19)
ys(t) = ss(t) + si(t) + ws(t), Vi € R (13) 2 (T +Tee)+T T
g,
At the OFDM/OQAM receiver, the received signal is passed = % Z g (t - nsg)
through the receive filtefr; expressed as ns€Z1 (T Top)
2
g*(_t):g(t) tE[—%,%] j2m (ms—m;) &
t) = 14 JEmms =T ]t 20
Trs(t) {0, elsewhere. (14) e ’ (20)
1 ni(T+Tcp)+T .
. t
Nime—sm [Ni] = —= Z (—=1)""d, [ns] O[] / g (t - ns—) eI (ms=mi) T it \fn; € 7. (18)
\/T ns€Z 2

ni(T+Tcp)



with a?j the variance of the symbols modulated by the sethe only differences being the real part operator and soraegph
ondary OFDM/OQAM system. Note that this last expressidactors due to the OFDM/OQAM demodulation. In a similar
is obtained by considering that the symbdlsare independent way as (19), we define the mean interference power injected
and identically distributed (i.i.d.). Besides, note tha sum in by subcarriern; of the incumbent onto the:s-th subcarrier
(20) can be reduced to the valuesmafsuch tha‘rg(tfns%) is of the secondary as
not null everywhere on the reception window corresponding t 2
then;-th symbol of the receiver. This is shown in Fig. 3, where L —sms[ns] = Ed‘{mmﬁmz[;ﬂ })+T (26)

nj cP

we also point out that the value ef does not affect the mean o2 T
interference power seen at the receiver. Note also thattbely = 2—1; g (t — ns?)
differencems — m; plays a role in (20). Naming= mgs— m; MEL | (14 Top)—Tep

the spectral distance in terms of subcarriers, we therdfave 2

Lesmi[ni] = Isi(1),Vni € Z. « 32T (mi—ms) £ gy , (27)

After operating the change of variable— ¢ — ni(T + Tcp)

in (2 i i E€Z
in (20), we obtainyn; € Z, with afii the variance of the symbott. Note that the factoé—

fssiy comes from the fact that only the real part of the signal ietak
, T T 2 at the OFDM/OQAM receiver. The obtained expression is sim-
4 0q, : jor ilar to (19) and the different observations made in the nesi
L[] = T . /g(t - et (21) section still hold true here. Therefore, following devetognts
T=—KT+3 |0 similar to (19)-(24), the power of interference injectedsb@P-
Toyi(l,7) OFDM subcarrier to an OFDM/OQAM subcarrier at spectral

distancel is expressed as (28).

By including in (21) the expression iven in (12), we . L
y g in (21) P o g (12) Note that, |f both systems transmit with the same energy per

obtain, V! € Z,
. 9 symboIES, -t = o?j = E because each OQAM symbol
1 K1 om(MEED) | 1ty transmits haIf the energy of a QAM symbol. Therefore, in the
Isi(l,7) = 55 > lel/ J2m dt|  (22) case wherdcp = 0, which corresponds to a situation where the
K+1 3
—1

incumbent system does not use any GRg(1) = Isi(1), VI €
2 7Z and the incumbent and secondary systems interfere equally
onto each other.
From both (28) and (24), it can be noticed that the rect-
(23) angular time window of the CP-OFDM system incurs a sum
f sine-cardinal in frequency, which slowly decrease anlil wi
therefore cause high interference to both systems, dette
well shaped prototype filter used by the OFDM/OQAM system.

:% Z Gyl ™R T smo(vr( +1)

—K+1

3

and the interference power injected by an OFDM/OQA
subcarrier to a CP-OFDM subcarrier at spectral distanise
finally given by

T K C. Taking into Account Frequency Misalignments

Is (1) = ‘7(2125 Z Z G‘k‘ej’f%f The closed forms we derived in the previous section were
K re RT4T | k——K+1 obtained in the case where the secondary and the incumbent
: 9 systems agree on the exact same frequency basis. Therefore,
(24) the spectral distandeébetween each subcarrier of the secondary
and each subcarrier of the incumbent is an integer] iceZ.
This is correct if the local oscillators (LO) of all users are
B. Cross-Interference at the Secondary OFDM/OQAM  perfectly synchronized. However, in a real setup, this isthe
Receiver case. Indeed, LOs of mobile terminals have a typical acgurac
We now focus on the cross-interference that is injected loy +1 ppm with respect to their nominal frequency [17]. At
the CP-OFDM incumbent transmitter onto the OFDM/OQAM carrier frequency o2 GHz, this can yield a misalignment
receiver, as expressed in (17). Substituting the expresdithe between users of arouri®* Hz, which can become significant
CP-OFDM transmit filter (2) into (1), and then the resultings it is close to the LTE subcarrier width ©5 kHz.
form of (1) and the expression gk s given by (14) into (17),  Here, we consider that the transmitter and receiver in each
we obtain the expression of (25), which is very close to (18)ystem achieve perfect frequency synchronization. Howeve

X sino(w(% +1))

ni(T+Tcp)+Tcp

nj T : . t
T fZR{ o [T (e / 9(“%) em(m'mS)Tdt}’V”sez (25)
niez ni(T+Tcp) —Tcp

K—1 T i 2
eI T+ TR g 1 CPY [ 2
> Ge smc(w( + =7 ) (K +l))‘ (28)

k=—K+1

Sl

02 Tcp

T=—KT+Z
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Fig. 4: Spectral representation of the considered scematio

frequency misalignmenf; between coexisting systems. 201

Interference Power (dB)

the incumbent and secondary systems are not supposed tt 25f
cooperate, and it is very likely that they will not be perfect ” ‘ ‘ ‘ ‘ ‘ >
aligned in frequency. This means that, taking the incumbent e -4 2 0 2 4 6
system as a reference, thes-th subcarrier of the secondary

will not be modulated at base-band frequeneyAF but at Fig. 5: Values of cross interference injected at spectistadce
base-band frequendyns -+ o) AF, wheres; €] — 0.5, 0.5] and ([, according to (28) and (24).

is the frequency misalignment value between the seconda@ig CP-OFDM receiver. Because the receive window of the
and incumbent systems. In other words, Fig. 2 is transforme#DM/OQAM receiver is larger than the transmit filter of the
into Fig. 4 where we see that the secondary transmissionGpP-OFDM, the PSD appears to be a good measurg_of

misaligned with the band it should actually transmit in. On the contrary, as shown in Fig. 3, the CP-OFDM receive
This simply leads to rewriting (4) and (13) as window truncates each OFDM/OQAM symbol and the good
ui(t) = si(t) + Ss(t)ejgmgft it (29) PSD properties of the latter are lost in the process.

, Finally, we compare the values of cross-interference in the
ys(t) = ss(t) + si(t)e T + w(t). (30)  considered scenario with those observed in a homogeneous
Then, the analysis is led exactly as (7) - (28). RedefiningScenario where both users would use CP-OFDM. To do so,
asl = ms + & — mi, mathematical derivations yield the exact? Fig- 7, we compare the expressions of (24) and (28) with
same expression as (24) and (28). Therefore, the closedsfofRf interference tables derived by Medjahdi et. al. in [1] in
we derived are also applicable in the presence of frequerflf§ case where both the secondary and the incumbent users

misalignment between the incumbent and secondary syste#i§ CP-OFDM. Note that the interference observed by the
ie.VleR. incumbent and secondary users when they both use CP-OFDM

is, at maximum, only3 dB higher to that observed when
IV. NUMERICAL RESULTS the secondary uses OFDM/OQAM. In real-world transmission,

In Fig. 5, we represent the values &f (1) and I;_,s(1) when the hardware impairments and the high power amplifier
according to the expressions of (28) and (24) Tep = % non-linearities come into play, thisdB gap will fade out and
We observe that both systems interfere almost equally ot benefits of using OFDM/OQAM for coexistence with CP-
each other. Note that, if we had sBt = 0, the two curves OFDM systems are likely to disappear.
would perfectly overlap.

In Fig. 6, the derived theoretical expressions are com-
pared to results obtained through Monte-Carlo simulatit¥es In this paper, we were able to develop exact closed forms of
represent the interference power seen at each subcarriethef cross-interference between coexisting OFDM/OQAM and
index! when the interferer transmits at subcarrier of indlex CP-OFDM systems. As OFDM/OQAM is seen as a potential
Parameters are set as follows: both the CP-OFDM incumbewntender for certain 5G applications, the analysis lechis t
and the OFDM/OQAM secondary systems hae = 512 paper can be useful to dimension networks in scenarios where
subcarriers. Both systems transmit symbols with unitasrgyn secondary 5G devices coexist with incumbent legacy users.
03, = 203 = E, = 1. Besides, we consider a CP ofBesides, the presented analysis can be generalized in the
relative durationTcp = % and & = 0. Figures show that case where the secondary system would use other waveforms
the expressions (24) and (28) perfectly match the simulatistudied for 5G, such as filtered OFDM (f-OFDM) or Universal
results. Filtered OFDM (UF-OFDM). Indeed, our analysis showed

Moreover, we show the results predicted by the PSD-basthét the cross-interference is mainly caused by the reatang
model used for example in [8]-[10]. It is worth noticingwindow of the incumbent system. In other words, results
that the PSD-based model gives a good approximation mfesented in this paper show that coexistence with legacy CP
the interference injected by the CP-OFDM incumbent ontoFDM systems cannot be drastically improved by designing
the OFDM/OQAM secondary. However, it completely failsenhanced waveforms only, but that it is necessary to modify
in estimating the interference injected by the OFDM/OQAMhe CP-OFDM receiver itself.
secondary onto the CP-OFDM incumbent. As pointed out Hence, the derived closed forms show that the PSD-based
in [14], this is due to the fact that the PSD-based modeiodel, widely used in the literature, is not fit to study
does not take into account the rectangular receive window afexistence scenarios, as it does not take into account the

V. CONCLUSION
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where the secondary uses CP-OFDM or OFDM/OQAM.

receive operations of the terminal that suffers from irgezhce.
indeed [q] A. Skrzypczaket al., “OFDM/OQAM Modulation for Efficient Dynamic

This observation has a wide array of consequences:

shows that all the studies which rely on OOB emissions or
PSD to rate cross-interference between users are inhgerefi]
flawed, especially in the context of coexistence between two
systems with different waveforms. However, a large numbgp;
of studies recently released on that matter rely on these two

measurements to rate the performance of various wavefornt&! /

Moreover, standards like LTE-A usually define spectral
masks that systems should respect to coexist smoothly. How- vol. 59, 2004.
ever, as these masks are based on PSD measurements as [W@|[Q: Bodinieret al., "5G Waveforms for Overlay D2D Communications:

our results show that they are not adapted to the management ¢,
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and dimensioning of 5G systems. Therefore, the results @] —, “Modeling Interference Between OFDM / OQAM and CA=DM
derived in a particular scenario in this paper have broader

applications and consequences. Especially, it is utteniyoi-

[15]

tant to rethink the models used to ensure coexistence betwee

different physical layers. Future work will therefore facan

this particular aspect.
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