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Abstract—Simultaneous wireless information and power trans-
fer (SWIPT) for generalized frequency division multiplexing
(GFDM) cooperative communications is proposed to save con-
sumed energy of relay and destination. GFDM subsymbols are
allocated for information decoding (ID) and energy harvesting
(EH), respectively. Energy efficiency of SWIPT based GFDM
system is maximized by jointly optimizing subsymbol and power
allocations for ID and EH. A joint optimization algorithm is
proposed to obtain the optimal solution to the energy-efficiency
optimization problem. Simulation results show that energy effi-
ciency of this scheme is Sbps/J/Hz higher than that of power-
splitting SWIPT at total transmit power of SmW.

Index Terms—SWIPT; GFDM; cooperative communications;
energy efficiency; joint optimization

I. INTRODUCTION

Generalized frequency division multiplexing (GFDM) is one
of the candidate multi-carrier communication schemes for 5G
communications [1]. Compared with the Orthogonal Frequen-
cy Division Multiplexing (OFDM), it has the advantages of
high spectrum utilization[2], low out-of-band radiation[3], low
peak-to-average ratio and setting parameters that meet the
requirements of different application scenarios[4]. Different
from OFDM, GFDM can use its time-frequency focusing to
design a shaping filter suitable for channel delay, which can
resist both inter-symbol interference and inter-carrier interfer-
ence and thus obtain higher spectrum efficiency[5]. However,
multi-carrier transmission may consume more energy com-
pared with the single-carrier communication.

Simultaneous wireless information and power transfer
(SWIPT) has been proposed to save energy by collecting radio
frequency energy of the receiving signal when decoding its
information. There have been two models for SWIPT: time
switching (TS) and power splitting (PS). TS-SWIPT or PS-
SWIPT use different time slots or power streams for informa-
tion decoding (ID) and energy harvesting (EH) [6], [7]. In [8],
the optimal allocation ratio for EH and ID was calculated to
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evaluate the optimal balance between rate and energy of TS-
SWIPT and PS-SWIPT in nonlinear energy harvesting model.
PS-SWIPT can be used in point-to-point OFDM communica-
tion for the EH and ID of each subcarrier, where the achievable
system rate can be maximized by optimizing the subcarrier
power [9]. In [10], the influence of TS ratio on the system
performance was analyzed, whereby the best allocation factor
was obtained to improve the overall system throughput. [11]
proposed a relaying PS-SWIPT system, where the PS ratio
was optimized to minimize the outage probability. In [12], a
SWIPT based multiuser OFDM system was presented, where
channel allocation, PS ratio and power allocation are jointly
optimized to minimize user interruption probability.

Most of the existing literatures focus on OFDM-SWIPT, but
only a few of them study GFDM-SWIPT. In [13], a multiuser
GFDM scheme for PS-SWIPT based Internet of Things was
proposed, where the power of each GFDM subsymbol is di-
vided into ID stream and EH stream respectively. The sum rate
is maximized by jointly optimizing the subsymbol allocation,
power allocation and PS ratio under the constraint of EH
and power budget. However, the TS-SWIPT and PS-SWIPT
schemes both assume each subcarrier has a fixed allocation
ratio for ID and EH, which are unable to adapt to the dynamic
channel states. In cooperative communication, relay nodes
usually consume a lot of energy for forwarding information to
the destination nodes. Therefore, the integration of cooperative
communication and SWIPT enables continuous power supply
to the relay while keeping its normal data transmissions.

This letter proposes a time-frequency resource allocation
scheme for SWIPT based GFDM cooperative communications,
which can allocate resources for ID and EH adaptively ac-
cording to the time-varying characteristics of the channels.
The contributions of this letter are drawn as follows: (1) a
SWIPT based GFDM DF cooperative communication system
is modeled, where both relay and destination perform ID
and EH simultaneously. Compared with the traditional TS-
SWIPT and PS-SWIPT, the proposed scheme allocates differ-
ent subsymbols for EH and ID according to the time-frequency
channel states, thus improving the performance of ID and EH
in fading channel; (2) energy-efficiency optimization problem
for the GFDM system is formulated by jointly optimizing
subsymbol and power allocations for ID and EH, which seeks
to maximize the target transmission rate under the constrained
EH performance; (3) a subsymbol pairing algorithm for the
first and second time phases is put forward to ensure that
relay can use the best channel to forward source information,
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then a joint optimization algorithm is performed to achieve the
optimal solution to the optimization problem.

II. SYSTEM MODEL

A SWIPT based GFDM DF cooperative communication
system is molded in Fig. 1, which consists of a source node
S, a DF relay node R and a destination node D. Each
GFDM block from S is transmitted through K subcarriers,
each of which consists of M subsymbols. K = {1,...,K}
represents the subcarrier set and M = {1,..., M} denotes
the subsymbol set. In the first phase, all the K M subsymbols
form into a symbol set A. Subsymbol (k, m) denotes the time-
frequency resource block in mth subsymbol on kth subcarrier.
Considering a slow fading channel, the channel over each
subsymbol is assumed to be flat, and the channel power
gain can been seen as a constant during one subsymbol. The
subsymbols are allocated for ID and EH in two phases of
cooperative communication. In the first phase, R receives
the information from S through the subsymbol set G; and
collects the energy of S through the subsymbol set G g, where
Gr+GEr = N. The harvested energy is used for R to decode
and forward the received source information. In the second
phase, R relays the information from Gy to D through the
paired subsymbols in G g and transfer the energy to D with the
remaining subsymbols in G p. Thus, we have Gg+Gp = N”,
where N/ is the symbol set in the second phase.

The first phase The second phase

Source Relay

®) (R) (D)

GFDM block GFDM block

subcarriers

g

subsymbols

Fig. 1. System model.

III. MODEL OPTIMIZATION
A. Optimization Problem

Assume the transmitter can know the channel state infor-
mation. In the first phase, the transmit power, channel power
gain and noise power of subsymbol (k,m) from S to R are
defined by pg m, hk,m and a,%,m, respectively. The information
rate in bps/Hz at the relay is given as

R’ Z logy (1

(k,m)egr

mh m
pk k, ) (1)

km

The harvested power at the relay is expressed as
Q1 =5 Promhiim + %) )
(km)€EGE

where ¢ is energy conversion efficiency. In the second phase,
the transmit power, channel power gain and noise power

of the subsymbol (k’,m’) is defined by py/ n/, gis,ms and
o’,%,’m,, respectively. Then the achievable rate in bps/Hz at the
destination node D is given by

2 X

(k,m)€Gr (k' m’')eEN’

‘' DPi? s Gh!
Pt logy(1+ =525 (3)
k' m’

where pIZIWT " denotes the subsymbol pairing indicator. That
is, if the information of subsymbol (k,m) in the first phase
1s relayed through subsymbol (K',m’) in the second phase,
pk = 1, otherwise, pk o = 0. Then the harvested power
at D is given as

=€ > >

(k,m)eGy (K ,m/)eN”

2
"Gk m’ + Ok )

“4)
Finally, the total achievable rate at D within one GFDM block
is obtained as

k' m’
(1= g ) Prm

RT = n’liIl(Rl, RQ) (5)

We can get the total consumed power of the cooperative
communication system over the two phases as

K M K M
UT:ZZPk,mJFZ Z Pkt m! +2Ep, — Q1 — Q2 (6)

k=1m=1 E'=1m/=1
where F, represents the power consumption for ID at the relay
and destination. We can get the system energy efficiency (the
ratio of total achievable rate to total consumed power) as

RT(gy D, p )
Ur(G,p.p)
The energy efficiency can be maximized by jointly optimizing
power allocation p = {pg, m, Pk ,m’}, subsymbol sets G =
{G1,GE} and subsymbol pairing indicator p = {pz,nz" l},
under the constraints of minimum target transmission rate,
R, in, maximum power of source node, P4, and minimum
harvested power for relay and destination. We formulate the
optimization problem as
max

EE(G,p,
{G.p,p} G.p.p)
st. Cl:
C2:

E(G,p,p) = (7)

RT Z Rmzn
M

Z Z Pk,m < Pz )
k=1m=1

K M
C3:
c4:

where the constraints C'3 and C'4 denote that the harvested
power should afford the power consumption of R and D,
respectively.

,m/+Eb < Ql

As the the numerator and denominator of EE(G, p, p) are
nonlinear and linear functions, respectively, equation (8) is
a nonlinear non-convex optimization problem that is difficult
to solve directly. Dinkelbach method is adopted to solve
fractional programming problem [14]. Let ¢* equal to the
maximum achievable energy efficiency, which can be obtained
only when the equation Inax Rr(G,p,p) —¢*Ur(G,p, p) =

PP
Rr(G*,p*, p*) — ¢*Ur(G*,p*, p*) = 0 is satisfied, where
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x _ Rr(G".p".p") Rr(G.p.p)
T = (@70~ (Gppy VTGP

fractional objective function can be transformed into a more
solvable function of subtraction form, which is given by
max RT(gapap) _qUT(g7p7p>
{G.p.p} 9)
st. C1,02,C3,C4

By utilizing ¢, the

B. Optimal Solution

Lagrangian dual method is adopted to solve non-convex
optimization problem with sufficient subsymbols [15]. The
Lagrange dual function of (9) is given as

9(B) = {g}%}f?(g,p, p) (10)
where L(G, p, p) is given as
L(gapa p) = RT(gapa p) - qUT(gvpa p)
+ ﬁl (Rl_Rmin) + 52 (R2_ Rmm)
K M K M
+ B3(Pmaw_z Z pkm) + B4(Q1_Z Z Pk’ m’ — Eb)
k=1m=1 k'=1m’/=1
+ B5(Q2 — Eb) (11)

And B = (61, B2, B3, B4, B5) is the dual variable vector. The
dual optimization problem is then described as

9(B)
st. 8>0

min
B8

12)

where 3 can be solved through the sub-gradient method. And

the sub-gradient of the dual function is formulated as

Apf1 = Ri—Rpin
AﬁZ = RZ_Rmin

K M
AﬁS = Pmaa:_zz Pk,m

k=1m—1 (13)

K M
APy =Qi=Y > v — By
k'=1m’'=1

ABs = Q2 —Ey

B can be updated through B"*! = 3" + v"AB3, where n
is the iteration index, v™ is the step size of each iteration,
and AB = (ABy, ABs, ABs, ABy, ABs). The optimal 3* can
be obtained when the iteration convergence is finally reached.
With a fixed 3, G, p and p can be optimized as follows.

1) Optimizing p with fixed G and p: when 3, G and p
are fixed, equation (10) is a standard maximization problem.
We calculate the partial derivatives of py. ,,,, (k,m) € Gy and
Pk.m, (k, m) € G g using the Karush-Kuhn-Tucker conditions.
The optimal power allocation in the first phase can be obtained

OL(G.p,p)  _ AL(G,p,p) _ ;
Tl — () and —LFF — (. The optimal
Ok, m,(k,m)eg 0 OPk,m,(k,m)€G 0 P

power for ID is obtained as

p* — /81 _ U/%,m
o In2(q+B3)  him

+
> ,(k:,m) EQI. (14)

pmax

And the optimal power for EH is given as
X Rim (@ + >q+
pk:}m — { { k, (q 64) q /83 7(]€7,,7,I/) c gE
15)

Ehim(q+ Ba) < q+Ps
where ppax and pni, represent the maximum and minimum
power for each subsymbol, respectively. Similarly, the power
allocation of pys , (K',m') € Gg and p p, (K',m') € Gp
in the second phase is obtained as

Pmin

+
52 0-12@’ m’ / /
*/ ;= — : 5 k ,m S
P ,m <1n2(q + 64) Gkt ( ) gS
(16)

* Pmax  §Gk',m’ (q + 65) >q+ By o

I om! — ’ 5 k 3 €

Pr'\m { Pmin Egk/,m’ (q + B5) <q+ b ( m ) (17g)P

2) Optimizing p with fixed p and G: substituting (14), (15),
(16) and (17) into (11), the Lagrange dual function (11) is
rewritten as

K M
L(g7p7 p) = Z Z p]]:mT Ek’,m’_q(z Zpk,m
(kym)egy (k',m')eN’ k=1m=1

K M K M
+Z Zpk’,m/_gz Z (pk’,m’gk’,m’ +O—I%/,m’ )_£Z(pk,mhk,m

k'=1m’=1 k'=1m’=1 (k,m)eEGE
h
+ 07 ) 42Ep) + R (G p, p)+ 51 (Y logs (14 50 )
(k;m)EG T km
K M
_Rmin)_ﬁ2Rmin+63(Pmaw _Z Zpkﬂn)
k=1m=1
K M
+BaEY” PranPbm+0F )= > P — Ep)
(k;m)EGE k'=1m/=1
K M
+B5( > Pkt ame Gkt o + 07 ) — ) (18)
k'=1m/=1
where Ej ,,/ is written as
pk', / k', /
B = Py logy (1 4 ZRm Ik’
Uk’,'rrﬂ

— Q€D s Gt + T )

— Bs&(pw s G m? + Tyt (19)

It is obvious that p],z ;" is only relevant to Ejs s in (19).

Thus, with a fixed G, pl,j’;;”/ can be optimized by searching for
paired subsymbols (k',m’) in the second phase that maximize
the value of FEj ,,,. The subsymbol pairing algorithm can be
described in Algorithm 1.

Algorithm 1 Subsymbol pairing algorithm

1: reorder (k,m) in descending order of channel gains;

2: reorder (k’,m’) in descending order of Ej ,,,» in (19);
3: pair (k,m) with (k’,m’) sequentially;
4

,m [}‘7/7”1/]

. set Plim) = 1, otherwise, set Plkm) = 0.
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3) Optimizing G with fixed p and p: with the optimal p,
equation (11) can be rewritten as

K M K M
L(G,p,p) :ZFk/,m'*Q(QEb+Z Zpk,erZ Zpk’,m’

(k,m)eGr k=1m=1 k'=1m/=1
K M K M
O > Ormbkm + 00) = > Dk e G e
k=1m=1 k'=1m/=1

+Ji’,m’)) +RT(g, P, P) _BlRmzn _ﬁZRmin

K M
+ﬂ$ (Pmaz *Z Zpk,m)

k=1m=1

K M K M
+ﬁ4(§z Z (pk:,mhk,m +O-I%,m) _Z Zpk’7m’_Eb)

k=1m=1 k'=1m/=1
K M
+B5( N Pk Gt s + 01 )—E) (20)
k’'=1m’=1
where Iy .,/ is given as
Frrmr = Epr e — £(q + Ba) (Dkm P + O 1)
pk,mhk,m
+ Bilogy (1 4+ —5——) (21)
Jk,m

In (21), it can be found that F} .,/ is relevant to Gy. We can
achieve the optimal G7 as

G = arg max Z Fy s
"(km)egs

(22)

Obviously, all the subsymbols (k,m) make Fjs ,,» > 0 form
G;. Then G% is given by G5, = N — G7F.

The joint optimization of subsymbol and power allocations
is shown in Algorithm 2. And the optimal system energy
efficiency is finally obtained with the Dinkelbach[14] method
in Algorithm 3.

Algorithm 2 Joint optimization of subsymbol and power
allocations
1: initialize: 3 with nonnegative values, Gg and G with
certain subsymbol sets;
2: repeat:
3:  obtain pg ,, and py/ . by (14) ~ (17);
4:  obtain p by Algorithm 1;
5
6
7:

obtain G and G7 by (22);
update 3 by (10);
until: 3 is convergent.

Algorithm 3 Energy efficiency optimization

1: initialize: the optimization accuracy ¢, ¢ = 0;

2: repeat:

3:  with given ¢, obtain G, p, p by Algorithm 1 and Algo-
rithm 2;

4:  update ¢ = 715;1527’;’5;;
5 until: RT(Q,I;%p)g— qUr(G,p,p) <e.
& output: ¢* = FTERE {G"p".p7} = {G.p. ).

IV. SIMULATION RESULTS AND ANALYSIS

Simulation parameters are set as follows. There are K = 8§
subcarriers and M = 8 subsymbols in each subcarrier. The
power consumption for decoding is Ej, = 0.5mW, the energy
conversion efficiency is & = 0.5, and the average noise power
is 02 = —60 ~ —40dBm. Consider a Rician fading channel
with 6 taps at the center frequency of 1.9 GHz. Each subcarrier

0 ~
ikt
of-sight (LOS) deterministic component, 4(¢) is time-varying
Rayleigh fading component and € = 3 is Rician factor.

Fig. 2 depicts subsymbol paring between the two phases,
where the paired subsymbols are marked with the same
number. In the first phase, the subsymbols marked in yellow
and green perform ID and EH, respectively. In the second
phase, the yellow subsymbols relay source information to
the destination, and the energy of the green subsymbols is
harvested by the destination. The power allocation for each
subsymbol during the two phases is shown in Fig. 3. Since
the channel states in the first and second phases are different,
through subsymbol pairing, the best subsymbols in the second
phase can relay the subsymbol information in the first phase
for improving cooperative communication performance over
various channels.

is modeled as x(t) = g R(t), where & is light-

The first phase

The second phase

- 8]
s ] ] |
[ [ st [ 5 s

6 [ 44 25 4o [aq] +2 2ol -
5 85 5
[&] 2] o o :
3 18 24 13| 3
- o 6] [ 10 s mel
! g [ 7]

1234&»5&4"2345678
Pairing: Pairing/

Fig. 2. Subsymbol paring between the two phases.

The first phase

The second phase

Fig. 3. Power allocation for each subsymbol.

Fig. 4 shows energy efficiency versus total power P under
different average noise power o2. It is seen that the energy
efficiency improves with the increase of P due to the growing
harvested energy ()7 and (Js. In addition, the increase of
energy efficiency gradually slows down and tends to converge,
because the power for ID will not increase when the target rate
is satisfied.

Fig. 5 compares the proposed scheme with PS GFDM-
SWIPT scheme [13] and no-paring GFDM-SWIPT scheme. In
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Fig. 4. Energy efficiency verses total power.

the PS GFDM-SWIPT scheme, the power of each subsymbol
is split into two streams for ID and EH, respectively. In
the no-pairing GFDM-SWIPT scheme, the subsymbol alloca-
tion of the two phases is the same without considering the
subsymbol pairing. It is seen that energy efficiency of the
proposed scheme is higher than that of the other schemes.
This is because, the proposed scheme considers the channel
state changes in different phases through adopting subsymbol
pairing for resource allocation, which can better adapt to
various channel states.

w
Q

@
=3

@
b

w
@

Energy efficiency (bits/J/Hz)
N
&

—&— Proposed Scheme
—&6—PS GFDM-SWIPT Scheme
No-pairing GFDM-SWIPT Scheme -

23
S

31

1 2 3 4 5 6
P__ (mW)

max

Fig. 5. Energy efficiency comparison of different schemes.

V. CONCLUSIONS

In this letter, a SWIPT based GFDM DF cooperative
communication system is modeled, whose communication
process is divided into two transmission phases. By allocating
GFDM subsymbols for ID and EH in each phase, both the
relay and destination can perform ID and EH simultaneously.
The subsymbol and power allocations for ID and EH are
jointly optimized to maximize the system energy efficien-
cy under the constraint of minimum EH performance. The
subsymbol paring algorithm and joint optimization algorithm
are respectively proposed to achieve the optimal solution to
the energy-efficiency optimization problem. Simulation results
show that the proposed scheme outperforms the PS GFDM-
SWIPT scheme and no-paring GFDM-SWIPT scheme.
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