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ABSTRACT results show that the achievable rate of the FBMC/OQAM based
relaying system increases as the number of filter taps used for pre-

In this paper we study the achievable rate region of an FBMGequalization and equalization at each subcarrier increases.
based two-way decode-and-forward relaying system. Unlike a CP-

OFDM system, the FBMC based systems experience inter-carrier Il. SYSTEM MODEL

interference and inter-symbol interference especially in a highly

frequency selective channel. To calculate the resulting rate region, We consider a three-node TWR system, where two UTs (UT1

we have to solve a joint optimization of the per-subcarrier multi-and UT2) communicate with each other via the help of a DF relay.

tap filters at the relay as well as at the users, which is nonEvery node has a single antenna and operates in a half-duplex mode.

convex. Therefore, we resort to a two-step approach. First, wé complete transmission takes two time slots. In the first time slot,

design closed-form solutions for the per-subcarrier pre-equalizerdlso known as the multiple access channel (MAC) phase, both UTs

and equalizers at all nodes. Then we derive an optimal poweiransmit to the relay. To combat the strong time dispersion of the

allocation scheme to maximize the achievable rate. Simulatioghannel, a multi-tap pre-equalizes . [k] (i € {1,2} andm €

results show that the achievable sum rate increases as the numHés - -- M }) is applied per subcarrier per UT before the OQAM

of taps used for pre-equalization and equalization at the subcarrie®mbolsz; m[k] = di m[k]0: m[k] pass through a low-pass filter

increases. fm|n], i.e., the synthesis filter bank (SFB) [4]. The transmitted
Index Terms— FBMC, two-way relaying, decode and forward, FBMC/OQAM signal from thei-th UT is thus written as [8]

multi-tap filters, power allocation, convex optimization.

M—-1 +oo
M
. INTRODUCTION si[n] mz::() k:E—:oo VP (i.mk] * aimlk]) - f {n kS }
Filter-bank multi-carrier (FBMC)/Offset-QAM (OQAM) is an - (AM—1)

attractive multi-carrier modulation technique since it does notWhere fm[n] = plnje? 3" ("~ ="5=") and p[n] is the prototype
transmit an additional cyclic prefix (CP) and its subcarrier signaldilter, which is defined in the same way as in [4]. The sighal [k]
are shaped with waveforms that have significantly less spectrélenotes the real symbol drawn from a PAM constellation with
leakage than CP-OFDM [1], [2]. In general, due to the use ofZ€r0 mean and unit variance afid,.[k] is used for generating the
OQAM modulation schemes, orthogonality between subcarriers caforresponding OQAM symbol, whet (k] = 1 if (m + k) is

be realized in multi-path fading scenarios. Thus, single-tap equafVen ants m (k] = j if (m + k) is odd. Note that due to the rate
izer techniques for OFDM system can be directly implementedconversion different sampling indices have been used, where the
However, when the channel is highly frequency selective, the interndexn represents the high rate signals while the indegpresents
symbol interference (ISI) and inter-carrier interference (ICI) isthe low rate signals. The energy of the prototype filter is normalized
inevitable unless the modulated signal is filtered by multi-tap presuch thaty~>" _ [p[n]|* = 1 [8]. The variableP; ,, denotes the
equalizers and/or equalizers [3]. Multi-tap filter designs have beetransmit power allocated to the-th subcarrier of the-th UT. A
considered for point-to-point (P2P) channels [4]. Previous workgransmit power constraint at thieth UT has to be fulfilled such
on FBMC based two-way relaying (TWR) systems include [5] andthat >>7>° _ E{|s;[n]|*} < Py, Vi.

[6]. They study only power allocation and relay scheduling schemes Let h..x[n] denote the channel impulse responses (CIRs) from

in a cognitive radio context. They do not consider the ISl and ICI,, - ; . ; >
and thus are not suitable for highly frequency selective channelst®#-th UT o the relay\vi. The received signal at the relay is

2
In this paper we study the design of the multi-tap filters as well _ ) )
as the power control scheme for FBMC/OQAM coded two-way rin] = Zh““‘[n] * si[n] + vmn), @
decode-and-forward (DF) relaying systems in a highly frequency
selective channel. The goal is to obtain the achievable rate regiowhere vr[n] denotes zero-mean circularly symmetric complex
subject to transmit power constraints at all nodes. To this end, &aussian (ZMCSCG) noise. The relay uses a DF relaying strategy.
joint design of the pre-equalizers and equalizers at the relay aBhus, it decodes and re-encodes the received signal. The decoding
well as at the user terminals (UTs) over all subcarriers is requireddrocess starts by feeding the received signal to the analysis filter
To avoid an intractable optimization problem, we resort to subbank (AFB) [4]. Following a similar manipulation as in [4], the
optimal solutions. That is, we first determine the pre-equalizefiltered complex data on the-th subcarrier at thé-th instant at
and equalizer schemes. The optimization problem is then turnedne relay is then obtained as
into a power allocation problem, which is still non-convex due +1 2
to the existence of residual ICI and ISI. We devise an efficient - _ s> ) ) )
polynomial time convex optimization based algorithm to solve this Talk] = Z Z Pimbrsg K] # i k] % as,m[k] * gisq.m [K]
problem. The developed algorithm can be viewed as an extension -
of the polynomial time DC (POTDC) solution in [7]. Simulation + br.qlk] * Tr.q K],

i=1

m=q—1i=1
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wherebr 4[k| is the per-subcarrier multi-tap equalizer at the relay, ~ With the above settings, it is possible to express the real-valued
Gi,qm k] = (fm[n}*hi,R[n}*f;[—n])l%, andig q[k] = (vr[n]* received signaf,[k| in a vector-matrix form, i.e.,
fq [—n})i%, Where(-)i% represents the downsampling by a factor 1 2

4L and the ZMCSCG noise termip ([k] has variancesz. To  #,[k] = VP Gi g [k dim K] + R{Pr q[k]}
estimate the binary messages of the UTSs, it is useful to extract’ Z Z em e ’ “
the real part of the received signal, i.¢.[k] = R{0;[k]7,[k]}, 2
whereR{-} denotes the real part [8]. After the binary information _ /B T . )

is recovered, a network coding scheme should be applied. Here Z Piq0iqGisg.alkleediqlk]
it is assumed that an optimal network coding scheme is used =t

m=q—1i=1

[9] Let l‘R,m[k} = dem[kJ}eRym[k] denote the OQAM symbols, desired signal

which contain the network coded binary information for both UTs. 9 14Lay+Lay+Lg1+Lgz

Again, per-subcarrier multi-tap pre-equalizess, ., [k] are utilized /5T . o
by the relay to counteract the channel fading effects. In the second + z_; _ Z PiiqaiaGraalklerds g ilk]
time slot, also known as the broadcasting channel (BC) phase, the - =L

transmitted FBMC/OQAM signal from the relay is expressed as inter-symbol interference

q+1

M—-1 +oo 2 . ~
=3 S/ Prom (e k] anm[K]) {n—k%} 2 2 VPmalaGigmlkdin k] +R{7n.q[k]}

i=1 mh=q—1,m
m=0 k=—o0 ! m=q—Lmzq

inter-carrier interference

The transmit power constraint at the relay has to be fulfilled such

thaty "> E{|7[n]°} < Pa. whered; m[k] = [diom [k + Loy + L] - dim[k = Loy — Ly,
) _ —  \T ofA. T 2(14Lq, +Lay)

Let us define the CIR from the relay to thig¢h UT ashg ;[n],  2*™ [R{@im}™ S{@im)] - ® Loy +Lo, and
wherej € {1,2} and;j # i. At the receiver side of thg-th UT,a  %im = [@im[=Lay] - aim[Les]]” € CTherThez for
similar decoding procedure as at the relay is performed. Moreovef, = 1,2- It is assumed thatla, = La, = Lg. The
let us define the per-subcarrier multi-tap equalizer atjite UT ~ matrices Gigmlk] = [R{Gigm}" S{Gigm}"] and
as b;,m[k]. Then the received complex-valued signal on thth Gigm € CUF2La)x(+2Latlgitle2) denote the convolution
subcarrier at thé:-th instant of thej-th UT is derived as matrix of the effective channe); 4, [k], which is block Toeplitz.

The indices Ly, and Ly, depend on the excess delay of the
at! channels and the pulse length of the prototype filter [4]. The
Yj.qlk] = Z V Pr,mbj q[k] * TR, m[K] * ar,m[K] * §j,q,m [K] column selection vectoe, is defined as thé-th column of the
m=q—1 identity matrix I1iar,+1,,+L,, Where £ = 1 + Lo + Lg1.
+bjq[K] * Dj.4[K], We propose to design the augmented pre-equalization vectors
' ' a;» such that the signal-to-leakage-plus-noise ratio (SLNR) is
where g.qmlk] = (fm[n] « hr[n] = fi[-n]),a, 7rqlk] =  maximized. This design is suboptimal but it allows computing

) w[_ ' = ; ~ : each a;,, independently. Thereby, the desired signal power
(VJ_[”} *_fq[ ”_M%'Zand ”qu[k] Is the per-subcarrier ZMCSCG of the the i-th UT on the ¢-th subcarrier is calculated as
noise with variancerg;, Vg, j. Pigsie = E{|\/Piqai,Giqqlklecdi K]} = al,Qiqaiq,

T T H
Our goal is to design the pre-equalizess 4 [k] andar . [k]) ~ Where Qi = Pi Gigqlkleces Gigqlk] . The leaked signal
and the equalizers .. [k], b:.[k]) as well as the power allocation POWer from theg-th subcarrier of-th UT includes both the ISI and
schemes B;..., Pr m’) at the UTs and at the relay such that the the ICl that it mtrodu;:es to the two adjacent subcarriers. It is calcu-
achievable rate of the system is maximized. IateT asPi g leak = a,ﬂvq/ﬁ,qai,q, whereA; , = Pi,qGiﬁq,q[/;](I -
ece; )Gigqlk] + Zgﬁ:qfl,fn,;éq PigGimqlk]Gim.qlk]". Let
llaiq|| = 1 and let us define the SLNR of theth UT on theg-th
lll. FIXED DESIGN OF THE EQUALIZERS AND THE subcarrier as
PRE-EQUALIZERS

T T
Qi gS2iqaiq a;  iqQiq

aEin,qaiuI + ‘712{/2 B aEq(Ai>q + IU%{/2)ai,q ’

Before we formulate the rate optimization problem, it is worth SLNRi g =
mentioning that the joint design of multi-tap equalizers and pre- @
;aqualizers is difficult and mliggltdbe intrﬁctagle. 'Bhig is br?c?qse dHThen the maximization problemax,, A SLNR, , is a generalized
erent subcarriers are coupled due to the ICI and ISI, which is well; h : i - )
known for FBMC-based P2P systems [4]. A single tap filter wouIdRa%/le'ghl(};mt'em ;;roblem. The optimal SOI“;'OH?‘ai‘{(Alvq.+
be much easier to handle but provides only a limited performanc&?&/2) ¢ i.q}, Where Prax{-} computes the dominant eigen-
improvement in a highly frequency selective channel. Therefor yector ofa square matrix.
inspired by [4], we consider pairing the multi-tap equalizers (pre-  Similarly, the received real-valued signalj; , =
equalizers) and single tap pre-equalizers (equalizers) in the MAG (¢ [k]y;.q[k]} on theg-th subcarrier of theg-th UT is
and the BC phase. This results in a suboptimal solution but it =

provides a trade-off between the computational complexity and the at+l 5
performance improvement. More specifically, in the MAC phase, §;,4[k] = Z VPrmb; o Gjgm[kldr,m k] + b 7i.qk] (3)
both UTs use multi-tap pre-equalizers and the relay uses single tap m—q—1

equalizers, i.e.br,m[k] = 1, Vm, k. In the BC phase, the UTs B

use multi-tap equalizers while the relay uses again single tap prevhereb; o, G q,m k], anddr .. [k] have the same form as;, ..,
equalizers withur . [k] = 1, Vm, k. In the rest of this section our G ,m[k], andd;, . [k] by changingLa, to Ly, La, t0 Ls,, and
goal is to design pre-equalization and equalization strategies whep 4. [k] t0 g;,4,m[k]. The design strategy is chosen such that the
P;m and Pr,,, are set to 1Vi, m. After this, we formulate the equalizers at different UTs and different subcarriers are devised
desired signal power and the interference power as a function dhdependently. To this end, we choose the maximization of the
more general power allocation vectors. SINR as the design criterion, i.e., we maximize the achievable
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SINR on each subcarrier of each UT [4]. It should not be difficultto  Let us define the exchange rate & = min(Ri2, R21).
foresee that a generalized Rayleigh quotient problem is formulatediccording to [10], given a fixedu the achievable rate region
and an optimal; , is obtained in a closed-form. Agaib, , is problem of the FBMC/OQAM modulated DF TWR system, i.e.,
normalized to have unit norm. The details are omitted here due tthe maximization of the exchange rd subject to transmit power
the space limitation. constraints and the rate constraints in (4), is equivalent to solving
. ) ) two subproblems. These are the maximization of the MAC rate and
As long as the multi-tap filters at the UTs are fixed, we cange gC rate. DefineRuac and Ric as the achievable exchange

calculate the signal power as well as the interference power opie in the MAC phase and in the BC phase, respectively. The
each subcarrier of each UT as a function of the power allocation,»vimization of the MAC rate is formulated as

vectorsp; = [P;n -+ Pium|andpr = [Pr1 -+ Pru].
This is important for the design of optimal power control schemes max Ruac
in the next section. For notational simplicity, we will drop the RMAC,P1,P2
time index k£ from now on. Then the received signal power M T pitol/2
at the m-th subcarrier of the relay and from theth UT is s.t. Rvmac <p Z log, % =12
computed asPir msig = i ‘R,mPi- The vectorh; .., has all m—1 Zip,mPi + 0R/2
zero elements except for the-th element, which is given by M BT BT 2 /9
P; m.sig/Pi,m. The corresponding interference power (including Ryac < K Z log, 1,RmPL + Ry g mP2 +0R/
the ICI and the ISI) is calculated 8B minc = 2igmPi- T2 2 R mP1+ 23 P2 + 0% /2
The vector z; r,,» has also all zero elements except for T T
the (m — 1)-th, m-th, and (m + 1)-th elements, which are 1"p1 < Py, 17p2 < Py, ®)
@1 Gimm— 1[k]Gz m,m— 1[]“} @im1, @i Gim, m[k](I ~  and the maximization of the BC rate is

b i,m given by

€r€y )G’L m m[k} Qi m, andal nL+1Gz m, m+1[k]G1 m,m+1 [k] Qi m+1,
respectlvely S|m||arly, the received signal power and the max  Rpc

interference power on then-th subcarrier of the] -th UT are Rpc.pr

derived asPgrjmsig = R& ;PR aNd Prjmint = 2R ;mPR, "

respectively. Note thahg ;. and zr ;. can be obtained by St Rec < ( Z log, Z—JFUQ/Q =1,2
replacinga; . in h;Rr,m andz; r ., with b, ,,, and by replacing R.j,mPR

G with G. Moreover, the transmlt power constraints at the UTs and 1Tpr < Pg. (6)

at the relay are formulated 38> __ E{|s;[n]|*} = 1"p; < Py, . ) i o
v4, and E{|7[n]|*} = 1"pr < Px, respectively. The optimal solution of (5) and (6) are also optimal for the original

rate region problem. This is due to the fact that the power control at
Remark 1. We can alternatively apply multi-tap filters only at the the UTs, which is only relevant in the MAC phase, is not coupled
relay while the UTs only perform power allocation. In this way the with the power control at the relay, which is only relevant in the BC
computational burden of the filters at the UTs is completely moveghase. We havé?, = min(Rmac, Rec). Unlike its CP-OFDM

to the relay. However, the filter design at a two-way relay is morecounterpart in [10], these two subproblems are non-convex due to
challenging since the filter on each subcarrier has to guarantee the¢he residual ICI and ISl terms, i.e., the logarithmic terms in the

quality of service for both UTs. constraints are non-convex. In the following, we devise an efficient
convex optimization based iterative method to solve (5). The same
IV. OPTIMAL POWER CONTROL SCHEME method can be used to solve problem (6) since it has the same

structure as (5).
Let Ri> and R2; denote the achievable rate from UT1 to ) o )
UT2 and from UT2 to UT1 in a FBMC based DF TWR system, The first constraint in (5) can be rewritten as
respectively. By applying the information-theoretic analysis in [9]

. E . M
and its extension to the OFDM system in [10], we can show that T 2
Ry» and Ro; are upper bounded by Ryac —p Z log, (hivRampi + UR/Q)
m=1
M M M
Ri2 < min {u Z I(d1,m; Pmld2,m), (1 — p) Z I(dRr,m; yz,m)} +p Z log, (z;F’R,mpi + 0121/2) <0. 7)
m=1 m=1 m=1

M M
Roy < mi I(dam; Pl drm ), (1 — I(dR.m; Y1.m Since the logarithmic function is a concave function [12], it can
= mm{ﬂmzl (d2,m3 Fmld1.m), (1 = 1) Z (dr.m3 y1, )} be shown that all the logarithmic terms in (7) are concave with

m=1

respect top;. Thus, the left-hand side of equation (7) contains

. . differences of concave functions (DC), which are non-convexe Th
Ri2 + R21 < min {:“ Z I(dl*m’dlm’ml)} Q) non-convexity lies in the logarithmic terms with plus signs. To
m=1 mitigate the non-convexity, we introduce an auxiliary variahble

where ;. denotes the portion of the MAC phase in a completeand reformulate (7) into the following two constraints
transmission and the time interval of a complete transmission is nor-
malized to 1. The functiod(-) calculates the per-subcarrier mutual M T 5
information. In this paper the residual ICI and ISI after applying Ryvac — Z log, (hi,R,mPi + UR/Z) +t <0
the multi-tap filters are treated as noise. According to [11], it can m=1
. T ,mPH—Uz /2 M
be shown that (d;,m; 7m|d;m) = log, (74;#&0%‘/2), where " Z log, (zER,mpi + a§/2) —t; <0. @)
h,‘,R,m = hi,R,m + ziR,m- Slmllarly, we haVe](dR,m;yj,m) = m=1

T 2 . . . . .
log, %ﬁ"g/; . wherehg j.m = hr.jm + 2r.,.m, and  Clearly, the non-convexity is now in the second inequality. To
2R j,mPRTOR/ ' deal with it, we propose to use a linear approximation of the
thR,mm+h;R,mp2+0%{/2) logarithmic function of multivariate (vector) variables, e.g., the

I(d1,m, d2,m; Pm) = log, (zT:R’mpl‘Fz;FvR_mpzwL(T%/Q first order Taylor series of the logarithmic function. The first order

2441



polynomial approximation ofog, (ZERAV"Lpi + o§/2) at a vector  described in Algorithm 1. The same method can be used to solve
Piini IS given by problem (6). We do not show the details due to the space limitation.

T 5 1 T 5 Remark 2. The linear approximation of the log function has also
log, (zi,R,mpi +UR/2> ~ m(lOg (Zi,R,mpi,ini +UR/2> been used to solve a problem with the sum of DC terms in our
& previous work [7]. There, it is proposed to use the first order Taylor
Zi,R,m (Pi — Piini) ©) expansion of the log function with a scalar variable, elgg(«).
2T o Piini Fog/20 0 T The same approach could be also used to convert each non-convex
T term and it would introducé M additional constraints. In contrast,
Note that the same linear approximation can be applied fomall the proposed iterative design uses the Taylor expansion of the
The constraints (8) can be modified as log function with a vector-valued variable, and orlyadditional
constraints are introduced. Thus, the proposed iterative design is
computationally more efficient wheW is large.

Algorithm 1 Iterative algorithm for solving the MAC rate region

T

M
Ryiac — p Z log, (hER,sz' + U§/2> +1; <0

m=1
M problem (5)
1 T 2 — - -
M Z fog(2) (log <zi,R,mPi,ini + UR,/Q) 1: Initialize: input: h; r[n], Vi, seto = 0, piimi = 1Pu/M,
m=1 R\ =0, and the threshold value
ZiRm 2: Main step:
T T 575 (Pi = Pisni) | — i <0 (10) 3: Find SLNR based solutions; ..., Vi, m as in Section Ill, and
Z; R mPi,ini T ‘7R./2 )

computeh; r,m and z; g,m, Vi, m.
Clearly, for a fixedp;,ini, all the constraints in (10) are convex. The 4: repeat
other two non-convex constraints can be convexified in the sames: o=o0+1
way. Finally, problem (5) is reformulated as 6:  Solve problem (11) in order to find the optimal vala'é‘&c
max Raiac andp§o>. %o): L2
RMAC,P1,P2;ts,ti,Vi 7. Ppini=p;, Vi
M . : (o) (o—1)
st Ruac — iy logy (hlnmpi +0%/2) + 4 <0,i=1,2 B until |R{j\ — R <
m=1

V. SIMULATION RESULTS AND CONCLUDING

M

I Z L (log (z’LTRani,ini + U%{/Z) REMARKS
ooy log(2) o The proposed iterative design is evaluated using Monte-Carlo
2T simulations. The maximum transmit power at all nodes is set to
%(m — pi,ini)) —t,<0,i=1,2 unity and identical noise variances are assumed suchothat
Z j,mPiini + 0% /2 0% = o2. The SNR is defined a8NR = 1/(Mo?2). We consider
M 2 the Vehicular A and the Vehicular B channel models as in [4]. The
Ruac < % Z log, <Z hiRmpi + ok /2> —ts, sampling frequency is set to 15.36 MHz and the subcarrier spacing
1 =1 is 15 kHz, which impliesM = 1024 subcarriers in total.

—A-FBMC Veh-A L =L =3
—p>FBMC Veh-AL =L =5
~g-FBMC Veh-A L =L =7
—— CP-OFDM Veh-A
—#—FBMC Veh-B L =L =1
—& FBMC Veh-B L=L =3
—5-FBMC Veh-B L =L =5
—©-FBMC Veh-B L =L =7
—%— CP-OFDM Veh-B

-

M 2
1 T 2 %FBMC Veh-A La=Lb=1
Nmzzl @ (log <Z Zi R,mPi,ini + UR/2>

i1=1

=

+

Z?;l zz‘T,R,m(Pzi - pi,ini) ) <0
s = b

iy 2l R mPiini + 05 /2

1"p1 < Py, 1"p; < Py, (11)

o

IS

Since the objective function and the constraints are convex, problem
(11) is a convex problem and thus can be solved efficiently using
the interior-point algorithm in [12]. However, the best initial vectors
Piini, Vi, are unknown. It is therefore natural to use an iterative
method and update the initial vectors in each iteration. Here, the T
initial vectorSpEf?m, Vi, at theo-th step are the optimal solutions ' !
of p;, which are obtained by solving problem (11) at flae— 1)-
th step. Note that if problem (11) is solvable at theh step,
then the corresponding optimal valuléf\ﬁc should be larger Fig. 1. Achievable sum rate vs. SNR for = 0.5, M = 1024,
than or equal to the optimal value for the same problem at thd., = L,. For CP-OFDM12.5 % CP is applied.

Average sum rate [bits/s/Hz]
w

N

15 25 30 35
SNR [dB]

(0 — 1)-th step, i.e.,Rfjf;g_. Otherwise, ifRfj&c < Rf&;g, it is Fig. 1 shows that the achievable sum rate increases as the
contradictory to the objective function. Moreover, the veciors.; number of taps increases.1®.5 % gain, i.e., the spectral efficiency
are bounded from below and above becapsere boundedy:i. loss due to the CP part, over CP-OFDM is achieved especially

Hence, only a finite number of iterations is required. Furthermorewhen the length of the multi-tap filters is sufficiently large. To have
the solution generated by this iterative method converges to tha trade-off between the computational complexity and the system
Karush-Kuhn-Tucker (KKT) point of the original problem (5). This performance, we recommend to ug = L; = 5.

can be derived straightforwardly from Proposition 3.2 of [13]. ACKNOWLEDGMENTS
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